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(54) Air-fuel ratio control system for Internal combustion engine 



(57) An allowable range (adaptive allowable range) 
tor limiting a manipulated variable generated in order to 
converge the difference between an output from an O2 



sensor (6) disposed downstream of a catalytic converter 
(3) and a target value thereof to "0" is sequentially up- 
dated depending on how the manipulated variable de- 
viates from the allowable range. 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention: 

[0001] The present invention relates to an air-fuel ratio control system tor an internal combustion engine. 
Description of the Prior Art: 

10 

[0002] The applicant of the present application has proposed an air-fuel ratio control system for controlling the air- 
fuel ratio of an internal combustion engine, more accurately, the air-fuel ratio of an air-fuel mixture to be combusted 
by the internal combustion engine, in order to enable a three-way catalytic converter disposed in the exhaust system 
of the internal combustion engine. See. for example, Japanese laid-open patent publication No. 9-273439 (U. S. patent 
IS No. 5.845,491). 

[0003] According to the disclosed technology, an exhaust gas sensor (O2 sensor) for detecting the concentration of 
a certain component of an exhaust gas that has passed through a catalytic converter, e.g., the concentration of oxygen, 
is disposed downstream ot the catalytic converter. The air-fuel ratio of the internal combustion engine is manipulated 
to equalize an output from the exhaust gas sensor (a detected value of the concentration of oxygen) to a predetermined 
20 target value (constant value) for thereby enabling the catalytic converter to achieve an optimum purifying capability 
irrespective of aging of the catalytic converter. 

[0004] More specifically, a manipulated variable for manipulating the air-fuel ratio of the internal combustion engine 
is successively generated in given control cycles in order to converge the output ot the exhaust gas sensor to its target 
value based on a feedback control process (specifically, a sliding mode control process) with a manipulated variable 
25 generating means implemented by a microcomputer. Based on the manipulated variable, the amount of fuel supplied 
to the internal combustion engine is regulated to manipulate the air-fuel ratio of the internal combustion engine. In this 
manner, the internal combustion engine is controlled to emit an exhaust gas for converging the output of the exhaust 
gas sensor to its target value, and achieving an optimum purifying capability of the catalytic converter. 
[0005] According to the above publication, the manipulated variable generated by the manipulated variable gener- 
ic ating means represents a target value for the difference between a target air-fuel ratio for the internal combustion 
engine or an air-fuel ratio of the internal combustion engine and a predetermined reference value (which difference is 
the difference between the target air-fuel ratio and the reference value). However, the manipulated variable may alter- 
natively be a corrective variable for the amount of fuel supplied to the internal combustion engine, or a quantity that 
can define the air-fuel ratio of the internal combustion engine. 
3S [CX)06] In the above publication, the exhaust gas sensor disposed downstream of the catalytic converter comprises 
an O2 sensor. However, the exhaust gas sensor may comprise an NOx sensor, a CO sensor, an HC sensor, or another 
exhaust gas sensor. It is possible to enable the catalytic converter to have a desired purifying ability by controlling the 
air-fuel ratio of the internal combustion engine so as to converge the output of such an exhaust gas sensor to a suitable 
target value. 

40 [0007] The manipulated variable generated by the manipulated variable generating means according to the feedback 
control process to converge the output from the exhaust gas sensor disposed downstream of the catalytic converter 
to the target value for enabling the catal^4ic converter to -have a desired purifying ability suffers a large variation due 
to disturbance, e.g.. suffers a spike-like variation. If the air-fuel ratio of the internal combustion engine is manipulated 
directly using the manipulated variable generated by the manipulated variable generating means, then the air-fuel ratio 

45 may be excessively be varied, tending to make unstable the operating state of the internal combustion engine. 

[0008] In view of the above drawback, it has been customary to set an allowable range for the manipulated variable 
used to actually manipulate the air-fuel ratio of the internal combustion engine to a fixed range. After the generated 
manipulated variable is limited to a value in the allowable range, the air-fuel ratio of the internal combustion engine is 
manipulated based on the limited manipulated variable. Specifically, when the generated manipulated variable exceeds 

50 the upper limit value or lower limit value of the allowable range, the manipulated variable is forcibly limited to the upper 
limit value or lower limit value of the allowable range. 

[0009] The limiting process is effective to avoid excessive changes of the air-fuel ratio of the internal combustion 
engine depending on the manipulated variable, allowing the internal combustion engine to operate stably. 
[0010] However, further studies made by the inventors of the present application have revealed that the fixed allow- 
55 able range for the manipulated variable results in the following shortcomings: 

[0011] A range (variation range) of values of the manipulated variable generated by the manipulated variable gen- 
erating means for determining an air-fuel ratio required to converge the output of the exhaust gas sensor disposed 
downstream of the catalytic converter to a predetermined target value, or a central value in the range is variable by 
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various factors including operating conditions (e.g.. the atmospheric pressure, intake air temperature and humidity, 
rotational speed, etc ) of the internal combustion engine, the nature of the fuel of the internal combustion engine, states 
(temperature, deterioration, etc.) of the catalytic converter. 

[001 2] Therefore, even when the range of values of the manipulated variable generated by the manipulated variable 
5 generating means is stable and less subject to the effect of disturbances, the range may be displaced toward the upper 
or lower limit of the fixed allowable range, i.e., the central value ot the range of values of the generated manipulated 
variable may be offset from the central value of the allowable range. 

[0013] In such a case, even though the manipulated variable generated by the manipulated variable generating 
means poses no problem in stably operating the internal combustion engine, the manipulated variable limited by the 

10 above limiting process is highly frequently limited to the upper or tower limit of the allowable range. Occasionally, the 
manipulated variable may be continuously held to the upper or lower limit of the allowable range. 
[0014] The manipulated variable forcibly limited by the limiting process differs from the manipulated variable gener- 
ated by the manipulated variable generating means in order to converge the output from the exhaust gas sensor to 
the target value, i.e . the manipulated variable defining the air-fuel ratio of the internal combustion engine required to 

IS converge the output Ircm iho exhaust gas sensor to the target value. Consequently, when the manipulated variable 
limited by the above limiimq process is highly frequently limited to the upper or lower limit of the allowable range, or 
the manipulated vaf.abc is corn nuousiy neld to the upper or lower limit of the allowable range, the controllability of 
the output from the cxhnust q/^< sensor nt ine target value is impaired, i.e., the quick response and stability of the 
control process for convcQfrig m:? o t om the exhaust gas sensor to the target value are lowered, making it difficult 

20 lo achieve a desired pu'!--,^"..; .-iL- > ^- l^i id lytic converter. 

[0015] If the lanuc l t ^ • l 5 ;;ui^ted variable generated by the manipulated variable generating means 

is displaced toward the ut/pci o« io^i.« »t<Ti i o* the fixed allowable range, then when the manipulated variable contains 
a spike and is tempornrtty u«rQc^ crw«fxx><3 ic one of the upper and lower limits due to disturbances, the spike manip- 
ulated variable often ciifv>3( t>o p«oocf«y tmrcd by the limiting process. As a consequence, the air-fuel ratio defined 

2S by the manipulated varL«£>tc suflcs .m cacc*;&rvc change, impairing the stability of operation of the internal combustion 
engine. 

SUMMARY OF THE INVENTlOfJ 

30 [0016] It is therefore or>|orf ot tfv r resent invenVtcyn to provide an air-fuel ratio control system for an internal 
combustion engine for gcncr^iiirg <i rr.tnpulated variable to manipulate the air-fuel ratio of the internal combustion 
engine in order to converpc ouioui of nn exhaust gas sensor disposed downstream of a catalytic convertejr to a 
predetermined target value bmi inq it^c vnlue of the manipulated variable to a predetermined allowable range, and 
manipulating the air-fuel rntio of the n'crrvil combustion engine based on the manipulated variable, the air-fuel ratio 

35 control system being capable of wcu coni'olling the output of the exhaust gas sensor to the target value while appro- 
priately limiting the manipulated varinbic to keep operation of the internal combustion engine stable. 
[001 7] To achieve the above ob/oci there is provided in accordance with the present invention an air-fuel ratio control 
system for an internal combust on cnqmc comprising an exhaust gas sensor disposed downstream of a catalytic 
converter in an exhaust pass^ipc cf the riicmal combustion engine, for detecting the concentration of a particular 

^0 component of an exhaust gas hftvmg pHsscc through the catalytic converter, manipulated variable generating means 
for sequentially generating a manipuirtiod variable which manipulates the air-fuel ratio of an air-fuel mixture combusted 
by the internal combustion engine tn order to converge an output from the exhaust gas sensor to a predetermined 
target value, and limiting means for limiting the manipulated variable generated by said manipulated variable generating 
means to a value in a predetermined allowable range,for thereby making the air-fuel ratio of the air-fuel mixture to be 

^5 determined based on the manipulated variable, the limiting means comprising means for variably setting the allowable 
range depending on the noanipulatcd variable generated by the manipulated variable generating means. 
[001 8] With the above system, the allowable range is variably set depending on the manipulated variable generated 
by the manipulated variable geneiiaiing means. The allowable range can thus be appropriately established which is 
suitable for the manipulated vafiable foi manipulating the air-fuel ratio of the air-fuel mixture combusted by the internal 

50 combustion engine in order to converge the output from the exhaust gas sensor disposed in the downstream of the 
catalytic converter to the predetermined target value, i.e., the manipulated variable defining the air-fuel ratio of the air- 
fuel mixture required to converge the output from the exhaust gas sensor lothe predetermined target value. As a result, 
the manipulated variable generated by the manipulated variable generating means (the manipulated variable may also 
be referred to as a demand manipulated variable in the description of the invention) is prevented irom being Wmited 

55 more than necessary or insufficiently by the limiting means. According to the present invention, therefore, it is possible 
to control the output from the exhaust gas sensor at the target value while properly limiting the demand manipulated 
variable to achieve the stability of operation of the internal combustion engine. 

[0019] The demand manipulated variable may comprise a target air-fuel ratio for the air-fuel mixture, a target value 
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for the difference between the air-fuel ratio of the air-fuel mixture and a predetermined reference value (the difference 
between the target air-fuel ratio and the reference value), or a corrective variable for the amount of fuel supplied to the 
internal combustion engine. 

[0020] If the derrand manipulated variable represents the target air-tuel ratio or the difference between the target 
s air-fuel ratio and the predetermined reference value, then the air-fuel ratio should preferably be manipulated based on 
the manipulated variable produced by limiting the demand manipulated variable (which manipulated variable may also 
be referred to as a command manipulated variable) as follows: 

[0021] The actual air>fuel ratio of the air-f uei mixture is detected by a suitable sensor, and the amount of fuel supplied 
to the intemal combustion engine is regulated according to a feedback control process in order to converge a detected 
10 value (sensor output) to the target air-fuel ratio determined by the command manipulated variable for thereby manip- 
ulating the air-fuel ratio into the target air-fuel ratio. However, the air-fuel ratio of the air-fuel mixture can be manipulated 
into the target air-fuel ratio according to a teed-torward control process by determining the amount of fuel supplied to 
the internal combustion engine from the target air-fuel ratio determined by the command manipulated variable, using 
a map or the like. 

IS [0022] The limiting means comprises means for, if the value of the manipulated variable generated by the manipulated 
variable generating means deviates from the allowable range beyond an upper or lower limit thereof, changing the limit 
beyond which the manipulated variable deviates, in a direction to increase the allowable range for thereby updating 
the allowable range. 

[0023] In a situation where a range (variation range) of values of the demand manipulated variable sequentially 

20 generated by the manipulated variable generating means tor determining an air-fuel ratio requirea lo converge the 
output of the exhaust gas sensor to the target value is displaced in Its entirety toward one of \jppet and lower limits of 
the allowable range, the value of the demand manipulated variable tends to deviate from the allowable range beyond 
one of the limits even if the value of the demand manipulated variable is suitable for converging the output of the 
exhaust gas sensor to the target value and stabilizing operation of the internal combustion engine. Stated otherwise, 

2S the demand manipulated variable is often liable to be forcibly limited by the limiting process, i.e. : the frequency at which 
the command manipulated variable is forcibly set to one of the limits of the allowable ranges is increased. According 
to the present invention, when the value of the demand manipulated variable deviates from the allowable range, the 
limit beyond which it deviates is changed in a directionto increase the allowable range forthereby updating the allowable 
range, so that the value of the demand manipulated variable will easily fall in the updated allowable range. In this 

30 manner, the value of the demand manipulated variable is prevented from being frequently forcibly limited by the limiting 
means, allowing the air-fuel ratio to be manipulated based on the demand manipulated variable itself, i.e., allowing the 
air-fuel ratio to be easily manipulated based on the command manipulated variable equal to the demand manipulated 
variable. As a result, the control process for converging the output from the exhaust gas sensor to the target value can 
well be performed while achieving its quick response and stability. 

35 [0024] When the allowable range is updated by changing the limit thereof beyond which the demand manipulated 
variable deviates from the allowable range, in the direction to increase the allowable range depending on the deviation 
of the demand manipulated variable from the allowable range, the limit opposite to the limit beyond which the demand 
manipulated variable deviates may also be changed in the direction to increase the allowable range or may be main- 
tained as it is for the purpose of well performing the control process for converging the output from the exhaust gas 

40 sensor to the target value. 

[0025] However, in a situation where the range of values of the demand manipulated variable is displaced in its 
entirety to the limit beyond which the demand manipulated variable deviates, the range of values of the demand ma- 
nipulated variable is spaced in its entirety from the limit opposite to the limit beyond which the demand manipulated 
variable deviates. Therefore, even when the value of the demand manipulated variable is largely changed as a tem- 

45 porary spike due to disturbance toward the limit opposite to the limit beyond which the demand manipulated variable 
deviates, the value of the demand manipulated variable is likely to fall in the allowable range. As a consequence, the 
demand manipulated variable tends to be insufficiently limited at the limit opposite to the limit beyond which the demand 
manipulated variable deviates. 

[0026] In the case where the deviation of the value of the demand manipulated variable from the allowable range is 
so temporary, if the limit of the allowable range beyond which the demand manipulated variable deviates is changed in 
the direction to increase the allowable range and the limit opposite to the limit beyond which the demand manipulated 
variable deviates is changed in the direction lo increase the allowable range or is maintained as it is. then the updated 
allowable range becomes unnecessarily wider than a normal range of values of the demand manipulated variable. As 
a result, the limiting process at the upper or lower limit of the allowable range tends to become insufficient. 
55 [0027] Therefore, in changing the limit of the allowable range beyond which the demand manipulated variable devi- 
ates in the direction to increase the allowable range depending on the deviation of the demand manipulated variable 
from the allowable range, the limiting means comprises means for if the value of the manipulated variable generated 
by the nnanipulaled variable generating means deviates from the allowable range beyond an upper or lower limit thereof. 
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changing the limit opposite to the limit beyond which the manipulated variable deviates, in a direction to decrease the 
allowable range for thereby updating the allowable range. 

[0028] Thus, when the value of the demand manipulated variable deviates from the allowable range, the limit beyond 
which the demand manipulated variable deviates is changed in the direction to increase the allowable range, and the 

5 limit opposite to the limit beyond which the demand manipulated variable deviates is changed in the direction to de- 
crease the allowable range. At this time, the allowable range is updated so that the allowable range in its entirety is 
shifted toward the limit beyond which the demand manipulated variable deviates from the allowable range before it is 
updated. Therefore, in a situation where the range of values of the demand manipulated variable is displaced toward 
either one of the upper and lower limits of the present allowable range, if the allowable range is updated depending 

10 on the deviation of the value of the demand nnanipulated variable from the allowable range beyond one of the limits 
thereof, then the other limit of the updated allowable range is closer to the range of values of the demand manipulated 
variable. If the deviation of the value of the demand manipulated variable from the allowable range is temporary then 
since the limit opposite to the limit beyond which the demand manipulated variable deviates is changed in the direction 
to decrease the allowable range, so that after the allowable range is updated, the demand manipulated variable is 

'5 liable to deviate beyond the opposite limit. Depending on the deviation, the limits (both the upper and lower limits) of 
the allowable range are changed to update the allowable range as described above, for thereby restoring the allowable 
range to a range suitable for the value of the demand manipulated variable. 

[0029] Therefore, when the allowable range is updated depending on the deviation of the demand manipulated var- 
iable from the allowable range by changing both me upper and lower limits thereof, it Is possible to establish an allowable 

2^ range that matches the range of values of the demand manipulated variable. As a consequence, the manipulated 
variable limited by the above limiting process is prevented from being frequently limited forcibly, and the limiting process 
can well be performed. Thus, the control process for converging the output of the exhaust gas sensor to the target 
value can be carried out well, and the stability of operation of the internal combustion engine is achieved. 
[0030] The limiting means comprises means for, if the value of the manipulated variable generated by the manipulated 

2S variable generating means is present in the allowable range, changing at least one of upper and lower limits of the 
allowable range in a direction to decrease the allowable range for thereby updating the allowable range. 
[0031] If the value of the demand manipulated variable does not deviate from the allowable range, then the allowable 
range is considered to be excessively wider than the range of values of the demand manipulated variable for converging 
the output of the exhaust gas sensor to the target value. When the demand manipulated variable temporarily deviates 

30 from the allowable range due to disturbance or the like, the allowable range may become unnecessarily wider than 
the range of values of the demand manipulated variable because of the process of updating the allowable range due 
to the deviation of the demand manipulated variable, particularly, the process of changing the limit beyond which the 
demand manipulated variable deviates in the direction to increase the allowable range. 

[0032] According to the present invention, if the manipulated variable is present in the allowable range, then one of 
35 the upper and lower limits (preferably both the upper and lower limits) of the allowable range is changed in the direction 
to decrease the allowable range. Therefore, even if the allowable range becomes unnecessarily wider than the range 
of values of the demand manipulated variable because of the process of updating the allowable range, the allowable 
range can quickly be decreased so as to match the range of values of the demand manipulated variable. As a result, 
the limiting process is carried so as to be suitable for the range of values of the demand manipulated variable for reliably 
40 preventing the air-fuel ratio from being manipulated based on the demand manipulated variable which is in the form 
of a temporary spike. 

[0033] According to the present Invention, the process of updating the allowable range depending on the value of 
the demand manipulated variable should be carried out in a complex manner Specifically, the limiting means comprises 
means for changing an upper limit of the allowable range in a direction to increase or decrease the allowable range 

4S depending on whether the value ol the manipulated variable generated by the manipulated variable generating means 
Is larger than the upper limit or not. and changing a lower limit of the allowable range In a direction to Increase or 
decrease the allowable range depending on whether the value of the manipulated variable generated by the manipu- 
lated variable generating means is smaller than the lower limit or not, for thereby updating the allowable range. 
[0034] \A/hen the demand manipulated variable deviates from the allowable range beyond its upper limit, since the 

50 value of the demand manipulated variable is greater than the upper limit and the lower limit, the upper limit is changed 
In the direction to increase the allowable range, and the lower limit is changed in the direction to decrease the allowable 
range. When the demand manipulated variable deviates from the allowable range beyond its lower limit, since the 
value of the demand manipulated variable is smaller than the upper limit and the lower limit, the lower limit is changed 
In the direction to increase the allowable range, and the upper limit is changed in the direction to decrease the allowable 

ss range. When the demand manipulated variable Is present in the allowable range, since the value of the demand ma- 
nipulated variable is equal to or smaller than the upper limit and equal to or greater than the lower limit, the upper and 
lower limits are changed in the direction to decrease the allowable range. 

[0035] When the allowable range is updated by thus changing the upper and lower limits thereof, an optimum alkDw- 
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able range can adaptively be set up so as to exactly match the range of values of the demand manipulated variable. 
Consequently, the forced limitation of the demand manipulated variable according to the limiting process is held to a 
minimum, and the limiting process can be performed more appropriately. Thus, the control process for converging the 
output of the exhaust gas sensor to the target value can be carried out better, and the stability of operation of the 

5 internal combustion engine is achieved more reliably. 

[0036] In updating the allowable range by changing the upper or lower limit thereof in the direction to increase or 
decrease the allowable range, the upper or lower limit is preferably changed by the limiting means in the direction to 
increase the allowable range, by an amount greater than an amount by which the upper or lower limit is changed in 
the direction to decrease the allowable range. 

10 [0037] Since the amount by which the upper or lower limit is changed in the direction to increase the allowable limit 
is made relatively large, and the amount by which the upper or lower limit is changed in the direction to decrease the 
allowable range is made relatively small, the value of the demand manipulated variable can be brought quickly into 
the allowable range. As a result, the control process for converging the output of the exhaust gas sensor to the target 
value can be carried out better 

15 [0038] When the allowable range is updated as described above, the limiting process can be performed based on 
the updated allowalDic rnngc However when the demand manipulated variable is temporarily largely changed due to 
disturbance or the like m order to reliably prevent the air-fuel ratio from being manipulated based on the demand 
manipulated variable tnus chnngod the iimiiing means preferably comprises means tor limiting the manipulated vari- 
able to the value sn the rt;iow<i:>»c i^ngr Dcto-e the allowable range is updated. 

20 [0039] The hmiiinc inci? co'Mpf i>ob tuc -jus for limiting the upper or lower limit of the allowable range which is being 
changed depending f I. v-. j» n. i'.i;julaied variable generated by the manipulated variable generating means^ 
to a value in a predciccnif lOO i^rigc cc*'c;>ponding to the upper or lower limit of the allowable range. 
[0040] Therefore. wtx>n ihc /«How^t>c innge is updated as described above, the upper limit or lower limit of the 
allowable range is prevented irom t>C9yq excessively large or small, and hence the allowable range for the demand 

^5 manipulated variable for rr.inpu.«tnq w\c <iir fuel ratio of the internal combustion engine into an inappropriate air-fuel 
ratio for the stable opornton oi if>o oicfrv«i combustion engine is prevented from being set up. 

[0041] When the mantpuJ^tod vHrv<t>»c is generated by the manipulated variable generating means in given control 
cycles, the above process of updating no /^nowabie range should preferably be sequentially performed each time the 
manipulated variable is gonoi iif<i i n tn o;<ch o1 the control cycles. The process o1 updating the allowable range may 
30 also be periodically earned out m cyctc.s <omewhat longer than the control cycles. 

[0042] The amount by wt>ich iho upper and lower limits of the allowable range are changed may be of a predetermined 
fixed value, but may also be dctcrm nod depending on how the demand manipulated variable deviates from the allow- 
able range. 

[0043] The manipulated vanatlo Qonoraling means comprises means for generating the manipulated variable (de- 
3S mand manipulated variable) rtccord ng to a sliding mode control process, though the manipulated variable generating 
means can generate the maripulaiod variable (demand manipulated variable) according to any of various feedback 
control processes such as a PI conirot process. 

[0044] The sliding mode control process is a variable-structure teedback control process, and is highly stable against 
disturbances. Therefore, the valjo of the demand manipulated variable is less subject to excessive changes due to 
40 disturbances. As a result, when the allovvablc range is variable set as described above, it is possible to reliably establish 
an allowable range suitable for the range of values of the demand manipulated variable without impairing the stability 
of the operating states of the inlornal combustion engine. 

[0045] One sliding mode control process is an adaptive sliding mode control process which is a combination of an 
ordinary sliding mode control process and a control law referred to as an adaptive control law for eliminating the effect 
of disturbances as much as possible It is particularly preferable to employ such an adaptive sliding mode control 
process. 

[0046] When the demand manipulated variable is generated according to the sliding mode control process, the lim- 
iting means comprises means lor sequentially determining whether the output from the exhaust gas sensor is stable 
or not, and, if the output from the exhaust gas sensor is determined to be unstable, lorcibly setting the allovtfabie range 
50 to a predetermined range at least while the output from the exhaust gas sensor is continuously being determined to 

be unstable. 

[0047] Specifically, in a situation where the output from the exhaust gas sensor is unstable, it is preferable to positively 
reduce the variation range of the command manipulated variable (a manipulated variable used to manipulate the air- 
fuel ratio) produced by limiting the demand manipulated variable in order to stabilize the output from the exhaust gas 
55 sensor. According to the present invention, at least whWe the output from the exhaust gas sensor is continuously being 
determined to be unstable^ the allowable range is forcibly set to a predetermined range (which, basically, should pref- 
erably be a relatively narrow range). Jn this manner, the output from the exhaust gas sensor can be stabilized, and the 
purifying capability of the catalytic converter can be stabilized. 
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[0048] The limiting means comprises means for, if the output from said exhaust gas sensor is determined to be 
unstable, determining the level of instability in a plurality of stages, and thereby maiking said predetermined range to 
which said allowable range is set by said limiting means to be determined smaller as the level of instability determined 
by said limiting means is higher. 

5 [0049] As described above, the level of instability of the output from the exhaust gas sensor is determined, and the 
range to be set up as the allowable range is made smaller as the level of instability is higher (the output from the 
exhaust gas sensor is unstabler). Therefore, the output from the exhaust gas sensor is stabilized more reliably If the 
level of instability is not so high, the frequency of manipulation of the air-fuel ratio using the demand manipulated 
Vrtfiablo Itself, i.e., manipulation of the air-fuel ratio based on the command manipulated variable that is equal to the 

10 demand manipulated variable, is increased as much as possible for converging the output from the exhaust gas sensor 
lo the target value. 

[0050] The limiting means comprises means for determining whether the output from the exhaust gas sensor is stable 
or not based on the value of a switching function used in the sliding mode control process. 

[0051] The limiting means comprises means for sequentially temporarily determining whether the output from the 
^5 exhaust gas sensor is stable or not based on the value of a switching function used in the sliding mode control process, 
and determining whether the output from the exhaust gas sensor is stable or not and the level of instability based on 
the frequency of the temporarily determined instability within a predetermined period of time. 

[0052] In the sliding mode control process (including the adaptive sliding mode control process), a function referred 
to HS rt swiiching funciion is used, and it is important to converge the value of the switching function stably to "0" in 
bi^.bi/ converging the controlled variable (which is Ihe output from the exhaust gas sensor in this invention) lo the target 
vr:luL- Thu:> the stability of the output from the exhaust gas sensor can be determined based on the value of the 
swilching function. 

[0053] For example, when the product of the value of the switching function and its rate of change (which product 
corresponds to the time-differentiated value of a Lyapunov function) is determined, if the product is of a positive value. 

2S ihcn the value of the switching function is getting away from "0*. and if the product is of a negative value, then the 
value of the swilching function is getting closely to "0". Basically therefore, it is possible to determine whether the 
output from the exhaust gas sensor is unstable or stable depending on whether the above product is of a positive value 
or a negative value. Instead, the stability of the output from the exhaust gas sensor can be determined by comparing 
the magnitude of the value of the switching funciion or the magnitude of its rate of change with a suitable given value. 

30 [0054] In determining the level of instability, the determination of stability (whether the output from the exhaust gas 
sensor is stable or not) based on the value of the switching function is sequentially temporarily carried out. It is deter- 
mined whether the output from the exhaust gas sensor is stable or not and the level of instability based on the frequency 
of the temporarily determined instability within a predetermined period of time. For example, in a situation where the 
frequency is equal to or smaller than a predetermined value, the output from the exhaust gas sensor is determined as 

35 being stable, and in a situation where the frequency is higher than the predetermined value, the output from the exhaust 
gas sensor is determined as being unstabler as the frequency is higher. 

[0055] The swilching function is represented by a linear function or the like having as a component thereof time- 
series data of the difference between the controlled variable and the target value, for example. 

[0056] The manipulated variable (demand manipulated variable) generated by the manipulated variable generating 
•^0 means and the upper and lower limits of the allowable range represent differences with a predetermined reference 
value for the air-fuel ratio of the air-fuel mixture, further comprising reference value variable setting means for variably 
setting the reference value depending on the manipulated variable (demand manipulated variable) generated by the 
manipulated variable generating means. 

[0057] When the demand manipulated variable and the upper and lower limits of the allowable range represent 
■*5 differences with a predetermined reference value for the air-fuel ratio of the air-fuel mixture, the demand manipulated 
variable added to or subtracted from the reference value corresponds to an air-fuel ratio (target air-fuel ratio) of the 
air-fuel mixture required to converge the output from the exhaust gas sensor to the target value. By variably setting 
the reference value depending on the dennand manipulated variable, it is possible to balance the range of values of 
the target air-fuel ratio of the internal combustion engine which is defined depending on the value of the demand 
so manipulated variable, above and below the reference value as a central value, which is equivalent to balancing the 
range of values of the demand manipulated variable between positive and negative values about a centra! value of 
"0". As a result, the upper and lower limits of the allowable range can be balanced as positive and negative values, 
and the demand manipulated variable which is in the form of a temporary spike can appropriately limited by the limiting 
process. 

55 [0058] If ihe reference value is variably set while the manipulated variable generating means is generating the ma- 
nipulated variable (demand manipulated variable) according to the sliding mode control process, then the sliding mode 
control process preferably compcises an adaptive sliding mode control process, and the manipulated variable (demand 
manipulated variable) generated by the manipulated variable generating means according to the adaptive sliding mode 
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control process includes an adaptive control law component based on an adaptive control law of the adaptive sliding 
mode control process, the reference value variable setting means comprising means for variably setting the reference 
value based on the value of the adaptive control law component of the manipulated variable. 

[0059] The demand manipulated variable generated as a control Input to be given to a controlled object according 

5 to the adaptive sliding mode control process is given as the sum of a component based on a control law (so-called 
equivalent control input) for holding the value of a switching function to "0". a component based on a reaching control 
law tor converging the value of the switching function to "0", and a component based on an adaptive control law (adaptive 
algorithm) for eliminating disturbances as much as possible in converging the value of the switching function to "0". 
According the finding of the inventors of the present application, by variably setting the reference value depending on 

10 the component (adaptive control law component) based on the adaptive control law (adaptive algorithm), the range of 
values of the target air-fuel ratio for the air-fuel mixture combusted in the internal combustion engine can be balanced 
above and below the reference value as a central value, which is equivalent to balancing the range of values of the 
demand manipulated variable between positive and negative values. Specifically, the component based on the adaptive 
control law is of a value proportional to a time integral of the value of the switching function, for example. 

IS [0060] For variably setting the reference value depending on the value of the adaptive control law component of the 
demand manipulated variable, the reference value variable setting means comprises means for variably setting the 
reference value by increasing or decreasing the reference value depending on the magnitude of the value ot the adap- 
tive control law component of the manipulated variable with respect to a predetermined value or a range close to and 
containing the predetermined value. 

20 [0061] The value ol the adaptive control law component is variably set so as to be converged to the predetermined 
value or a value close thereto. Thus, the reference value can appropriately be variably set depending on the value of 
the adaptive control law component. Since the reference value serves as a reference for the demand manipulated 
variable generated according to the adaptive sliding mode control process, if the reference value is varied too frequently, 
the demand manipulated variable generated according to the adaptive sliding mode control process is adversely af- 

25 fected, tending to impair the stability of the output from the exhaust gas sensor. Therefore, in variably setting the 
reference value depending on the value of the adaptive control la w component, it is preferable to increase or decrease 
the reference value depending on the magnitude of the value of the adaptive control law component with respect to 
the predetermined value or the range close to and containing the predetermined value (the reference value is not varied 
when the value of the adaptive control law component is present in the above close range. 

30 [0062] For variably setting the reference value depending on the demand manipulated variable generated according 
to the sliding mode control process, the reference value variable setting means comprises means for sequentially 
determining whether the output from the exhaust gas sensor is stable or not. and holding the reference value to a 
predetermined value irrespective of the manipulated variable it the output from the exhaust gas sensor is unstable. 
[0063] Specifically in a situation where the output from the exhaust gas sensor is determined to be unstable, even 

35 if the reference value is variably set depending on the demand manipulated variable, the reliability of the reference 
value is poor. Therefore, the reference value is not variably set depending on the demand manipulated variable, but 
held to a predetermined value (e.g., the present value or a predetermined fixed value). Thus, the reliability of the 
reference value as a central value in the range of values of the target air-fuel ratio of the air-fuel mixture combusted 
in the internal combustion engine can be increased. In the situation where the output from the exhaust gas sensor is 

^0 determined to be unstable, the process of holding the reference value to the predetermined value is preferably carried 
out when the reference value is variably set depending on the value of the adaptive control law component. 
[0064] As with the limiting means for determining whether the output from the exhaust gas sensor is stable, the 
reference value variable setting means comprises means for determining whether the output from the exhaust gas 
sensor is stable or not based on the value of a switching function used in the sliding mode control process, 
[0065] Furthermore, the reference value variable setting means comprises means tor determining whether the output 
from the exhaust gas sensor is substantially converged to the target value or not, and holding the reference value to 
a predetermined value irrespective of the manipulated variable (demand manipulated variable) if the output from the 
exhaust gas sensor is not converged lo the target value. 

[0066] Specifically, in a situation where the output from the exhaust gas sensor is not converged to the target value. 
50 the generated state of the manipulated variable tends to be unstable. Therefore, the reference value is not variably 
set, but is held to a predetermined value (e.g., the present value or a predetermined fixed value). In this manner, the 
reliability of the reference value as a central value in the range of values of the target air-fuel ratio of the air-fuel mixture 
combusted in the internal combustion engine can bo increased. 

[0067] The process of holding the reference value to the predetermined value in the situation where the output from 
ss the exhaust gas sensor is not converged to the target value is preferably carried out when the reference value is variably 
set depending on the value of the adaptive control law component relative to the sliding mode control process. Whether 
the output from the exhaust gas sensor is substantially converged to the target value or not can be determined by 
comparing the magnitude of the difference of the output from the exhaust gas sensor and the target value with a suitable 
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given value. More specifically, if the magnitude of the difference is equal to or smaller than the given value, then the 
output from the exhaust gas sensor is judged as being substantially converged to the target value, and if the magnitude 
of the difference is greater than the given value, then the output from the exhaust gas sensor is judged as being not 
converged to the target value. 

5 [0068] The limiting means comprises means lor recognizing an operating state of the internal combustion engine, 
and setting the allowable range depending on the recognized operating stale. 

[0069] By setting the allowable range depending on the operating state of the internal combustion engine, the process 
of limiting the demand manipulated variable is made suitable for the operating state of the internal combustion engine, 
making it possible to increase the quick response and stability of the control process for converging the output from 

10 the exhaust gas sensor to the target value in various operating states of the internal combustion engine. 

[0070] More specifically, the exhaust gas sensor comprises an oxygen concentration sensor, and the operating state 
of the internal combustion engine recognized by the limiting means includes an elapsed time after the internal com- 
bustion engine starts to operate, and the limiting means comprises means for setting the allowable range to inhibit at 
least one, which corresponds to a richer side of the air-fuel ratio of the air-fuel mixture, of upper and tower limits of the 

IS allowable range from becoming a value in a direction to decrease the allowable range beyond a predetermined value 
until the elapsed time reaches a predetermined time. 

[0071] Generally, while the internal combustion engine is being started by cranking, air (oxygen) delivered into the 
catalytic converter is stored in the catalytic converter (so-called Og storage). Therefore, the output from the oxygen 
concentration sensor disposed downstream of the catalytic converter (which output depends on the air-fuel ratio of the 

20 air-fuel mixture which is turned into an exhaust gas upon combustion) indicates a leaner air-fuel ralio with respect lo 
the target value. At this time, the demand manipulated variable is of such a value which makes the air-fuel ratio defined 
thereby richer. In such a situation, for converging the output from the oxygen concentration sensor as the exhaust gas 
sensor quickly to the target value, it is preferable that the air-fuel ratio of the air-fuel mixture manipulated based on the 
command manipulated variable produced by limiting the demand manipulated variable be varied so as to be as richer 

2S as possible. According to the present invention, therefore, immediately after the internal combustion engine starts until 
the elapsed time after the start of the internal combustion engine reaches a predetermined value, the allowable range 
is established to inhibit at least one, which corresponds to a richer side of the air-fuel ratio of the air-fuel mixture, of 
upper and lower limits of the allowable range from becoming a value in a direction to decrease the allowable range 
beyond a predetermined value. Thus, the command manipulated variable produced by limiting the demand manipulated 

30 variable can take a relatively large value close to the limit of the allowable range which corresponds to the richer side 
of the air-fuel ratio of the air-fuel mixture, so that the air-fuel ratio tends to vary toward a richer value. As a result, the 
output from the oxygen concentration sensor disposed downstream of the catalytic converter can quickly be converged 
to the target value after the start of the internal combustion engine, and hence the desired purifying capability of the 
catalytic converter can quickly be achieved after the start of the internal combustion engine. 

3S [0072] Furthermore, if the exhaust gas sensor comprises an oxygen concentration sensor, then the operating state 
of the internal combustion engine recognized by the limiting means includes an elapsed time after the supply of fuel 
to the internal combustion engine is cut off, and the limiting means comprises means for setting the allowable range 
to inhibit at least one. which corresponds to a richer side of the air-fuel ratio of the air-fuel mixture, of upper and lower 
limits of the allowable range from becoming a value in a direction to decrease the allowable range beyond a predeter- 

40 mined value until the elapsed time reaches a predetermined time. 

[0073] Generally, immediately after the supply of fuel to the internal combustion engine is cut oft, the output from the 
oxygen concentration sensor tends to indicate a rk;her air-fuel ratio since the catalytic converter has stored a large 
amount of oxygen while the supply of fuel is being cut off. Therefore, for converging the output from the oxygen con- 
centration sensor quickly to the target value, it is preferable that the air-fuel ratio of the air-fuel mixture manipulated 

45 based on the command manipulated variable produced by limiting the demand manipulated variable be varied so as 
to be as richer as possible. According to the present invention, therefore. Immediately after the supply o1 fuel lo the 
internal combustion engine is cut off until the elapsed time after the supply of fuel is cut off reaches a predetermined 
value, the allowable range is established to inhibit at least one, which corresponds to a richer side of the air-fuel ratio 
of the air-fuel mixture, of upper and tower limits of the allowable range from becoming a value in a direction to decrease 

so the allowable range beyond a predetermined value. Thus, as immediately after the start of the internal combustion 
engine, the output from the oxygen concentration sensor disposed downstream of the catalytic converter can quickly 
be converged to the target value after the supply of fuel is cut off, and hence the desired purifying capability of the 
catalytic converter can quickly be achieved after the supply of fuel is cut off. 

[0074] Moreover, if the exhaust gas sensor comprises an oxygen concentration sensor, then the operating state of 
ss the internal combustion engine recognized by the limiting means includes an elapsed time after the internal combustion 
engine starts driving a load, and the limiting means comprises means for setting the allowable range to inhibit at least 
one, which corresponds to a leaner side of the air-fuel ratio of the air-fuel mixture, of upper and lower limits of the 
altowabfe range from becoming a value in a dirBction to tncrsase the allowable range beyond a predetermined value 
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until the elapsed lime reaches a predetermined time. 

[0075] Specifically, immediately after the internal combustion engine starts driving a load (which corresponds to the 
drive wheels of a vehicle propelled by the internal combustion engine, for example), the actual air-fuel ralio tends to 
be leaner than the air-fuel ratio determined depending on the demand manipulated variable. In such a case, when the 

s demand manipulated variable has a relatively large value in a direction corresponding to a leaner air-fuel ratio, if the 
air-fuel ratio of the air-fuel mixture is manipulated according to the demand manipulated variable directly as the com- 
mand manipulated variable, the output from the oxygen concentration sensor disposed downstream of the catalytic 
converter is liable to be controlled excessively at a leaner air-fuel ratio than the target value. According to the present 
invention, therefore, until the elapsed time after the internal combustion engine start driving its load reaches a prede- 

10 termined value, the allowable range is set to inhibit at least one, which corresponds to a leaner side of the air-fuel ratio 
of the air-fuel mixture, of upper and lower limits of the allowable range from becoming a value in a direction to increase 
the allowable range beyond a predetermined value. Thus, the command manipulated variable produced by limiting the 
demand manipulated variable is prevented from becoming too large close to the limit value corresponding to a leaner 
air-fuel ratio. The air-fuel ratio of the air-fuel mixture combusted in the internal combustion engine is prevented from 

15 being excessively leaner avoiding a situation where the output from the oxygen concentration sensor is controlled 
excessively at a leaner air-fuel ratio than the target value. 

[0076] According to the present invention, the operating state of the intemal combustion engine recognized by the 
limiting means includes an idling state or an operating state other than the idling state, and the limiting means comprises 
means for setting a predetermined range as the allowable range irrespective of the manipulated variable (demand 
20 manipulated variable) generated by the manipulated variable generating means if ihe operating stale is the idling slate, 
and variably setting the allowable range depending on the manipulated variable (demand manipulated variable) gen- 
erated by the manipulated variable generating means if the operating state is the operating state other than the idling 
state. 

[0077] While the internal combustion engine is in the idling state, it is not preferable for the air^uel ratio to vary largely 
for stable operation of the internal combustion engine. If the allowable range is variably set depending on the value of 
the demand manipulated variable in the idling state, then the allowable range tends to become too large, and the 
variation of the air-fuel ratio manipulated based on the command manipulated variable produced by limiting the demand 
manipulated variable tends to be relatively large. According to the present invention, therefore, while the internal com- 
bustion engine is in the idling state, the allowable range is set to a predetermined range (relatively small range) irre- 

30 spective of the demand manipulated variable, and while the internal combustion engine is in the operating state other 
than the idling state, the allowable range is variably set depending on the demand manipulated variable. When the 
internal combustion engine is in the idling state, therefore, the variation of the air-fuel ratio of the air-fuel mixture com- 
busted in the internal combustion engine is reduced for stably operating the internal combustion engine. When the 
internal combustion engine is in the operating state other than the idling state, the output from the exhaust gas sensor 

35 can well be converged to the target value by variably setting the allowable range depending on the demand manipulated 
variable. 

[0078] If the exhaust gas sensor comprises an oxygen concentration sensor, then the internal combustion engine 
has operation modes including a normal operation mode in which the air-fuel ratio of the air-fuel mixture is manipulated 
based on the manipulated variable limited by the limiting means, and a lean operation mode in which the au-tuei caito 

40 of the air-fuel mixture is manipulated into a lean air-fuel ratio irrespective of the manipulated variable. The operating 
state of the internal combustion engine recognized by the limiting means includes an elapsed time from a transition 
from the lean operation mode to the normal operation mode. The limiting means comprises means for setting the 
allowable range to inhibit at least one, which corresponds to a leaner side of the air-fuel ratio of the air-fuel mixture, of 
upper and lower limits of the allowable range from becoming a value in a direction to increase the allowable range 

-^5 beyond a predetermined value until the elapsed time reaches a predetermined time. 

[0079] Specifically, in order to reduce fuel consumption, the internal combustion engine may operate on a lean air- 
fuel mixture where the air-fuel ratio of the air-fuel mixture combusted in the internal combustion engine represents less 
fuel than the stoichiometric air-fuel ratio under suitable operating conditions. In such a situation, since the air-fuel ralio 
of the air-fuel mixture cannot be manipulated to converge the output from the oxygen concentration sensor as the 

50 exhaust gas sensor, the air-fuel ratio is not manipulated based on the command manipulated variable which is produced 
by limiting the demand manipulated variable generated by the manipulated variable generating means. According to 
the present invention, therefore, in the case where the internal combustion engine may operate on a lean air-fuel 
mixture, the internal combustion engine has operation modes including a normal operation mode in which the air-fuel 
ratio of the air-fuel mixture Is manipulated based on the manipulated variable (command manipulated variable) limited 

55 by the limiting means, and a lean operation mode In which the air-fuel ratio of the air-fuel mixture is manipulated into 
a lean air-fuel ratio irrespective of the manipulated variable. 

[0080] If the operation modes of the internal combustion engine include the normal operation mode and the lean 
operation mode, then the output from the oxygen concentration sensor represents a leaner air-fuel ratio when the 
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inlemai combustion engine operates in the lean operation mode. For converging the output from the oxygen concen- 
tration sensor quickly to the target value when the lean operation modes changes to the normal operation mode, it is 
preferable that the air-fuel ratio of the air-fuel mixture manipulated based on the manipulated variable (command ma- 
nipulated variable) produced by limiting the demand manipulated variable be varied so as to be as richer as possible. 

s According to the present invention, therefore, until the elapsed time from the transition from the lean operation modes 
to the normal operation mode reaches the predetermined value, i.e.; immediately after the lean operation modes chang- 
es to the normal operation mode, the allowable range is established to inhibit at least one. which corresponds to a 
richer side of Ihe air-fuel ratio of the air -fuel mixture, of upper and lower limits of the allowable range from becoming 
a value in a direction to decrease the allowable range beyond a predetermined value. Thus, as immediately after the 

10 start of the internal combustion engine or immediately after the supply of fuel is cut off, the output from the oxygen 
concentration sensor disposed downstream of the catalytic converter can quickly be converged to the target value after 
the end of the lean operation mode of the internal combustion engine, and hence the desired purifying capability of 
the catalytic converter can quickly be achieved after the end of the lean operation mode of the internal combustion 
engine. 

75 [0081] With the internal combustion engine being operable on a lean air-fuel mixture, the catalytic converter prefer- 
ably compnses a catalytic converter for absorbing a nitrogen oxide in the exhaust gas when the concentration o1 oxygen 
in the exhaust gas passing through the catalytic converter is a concentration corresponding to a lean air-luel ratio of 
the air-fuel mixture, and reducing the nitrogen oxide in the exhaust gas when the concentration of oxygen in the exhaust 
gas passing through the catalytic converter is a concentration corresponding to a rich air-fuel ratio ot the air-fuel mixture. 

20 [0082] The above catalytic converter absorbs the nitrogen oxide in the exhaust gas when the operation mode of the 
internal combustion engine is the lean operation mode. When the operation mode of the interna! combustion engine 
changes from the lean operation mode to the normal operation mode, the demand manipulated variable generated by 
the manipulated variable generating means immediately after the changing or transition of the operation mode is a 
manipulated variable that changes the air-fuel ratio of the air-fuel mixture combusted in the internal combustion engine 

25 largely to a richer air-fuci ratio. By setting the allowable range limited by the limiting means as described above imme- 
diately after the transition of the operation mode, the demand manipulated variable is less subject to being limited by 
the limiting process. The command manipulated variable produced by the limiting process is also a manipulated variable 
that changes the air-fuel ratio of the air-fuel mixture largely to a richer air-fuel ratio. As a result, the air-fuel ratio of the 
air-fuel mixture is quickly manipulated into a much richer air-fuel ratio immediately after the transition from the lean 

30 operation mode to the normal operation mode. Thus, the nitrogen oxide absorbed by the catalytic converter is quickly 
reduced by the catalytic converter. At the same time, since the air-fuel ratio of the air-fuel mixture is manipulated to 
converge the output from the oxygen concentration sensor (exhaust gas sensor) to the target value, the desired puri- 
fying capability of the catalytic converter can be achieved 

[0083] According to the present invention, if the exhaust gas sensor comprises an oxygen concentration sensor 
35 then the target value for the output from the exhaust gas sensor be of a predetermined constant value for the catalytic 
converter to achieve an optimum purifying capability. 

[0084] The above and other objects, features^ and advantages of the present invention will become apparent from 
the following description when taken in conjunction with the accompanying drawings which illustrate preferred embod- 
iments of the present invention by way of example. 

40 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0085] 

FIG. 1 is a block diagram of an air-fuel ratio control system for an internal combustion engine according to the 
present invention; 

FIG. 2 is a diagram showing output characteristics of an O2 sensor used in the air-fuel ratio control system shown 
in FIG. 1; 

FIG. 3 is a block diagram showing a basic arrangement of a target air-luel ratio generator in the air-fuel ratio control 
5^ system shown in FIG. 1; 

FIG. 4 is a diagram illustrative of a sliding mode control process employed by the air-fuel ratio control system 
shown in FIG. 1; 

FIG. 5 is a block diagram of an adaptive controller in the air-fuel ratio control system shown in FIG. 1; 
FIG. 6 is a flowchart of an engine operation control process carried out by the air-fuel ratio control system shown 
55 in FIG. 1; 

FIG. 7 is a flowchart of a subroutine of the flowchart shown in FIG. 6; 

FIG. 6 is a flowchart of an overall process carried out by the target air-fuel ratio generator in the air-fuel ratio control 
system shown in FIG. 1 ; 
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9 is a flowchart of a subroutine of the flowchart shown in FIG. 8; 

10 is a flowchart of a subroutine of the flowchart shown in FIG. 8; 

11 is a diagram illustrative of partial processing ot the flowchart shown in FIG. 10; 

12 is a diagram ilJustralive of partial processing of the flowchart shown in FIG. 10; 

13 is a flowchart ot a subroutine of the flowchart shown in FIG. 10: 



FIG. 14 is a flowchart of a subroutine of the flowchart shown in FIG. 8; 
FIG. 15 is a flowchart of a subroutine of the flowchart shown in FIG. 8; 
FIG. 16 is a flowchart of a subroutine of the flowchart shown in FIG. 8; 
FIG. 17 is a diagram illustrative of the flowchart shown in FIG. 16; 
^o FIG. 18 is a diagram illustrative of an allowable range for a limiting process carried out in a subroutine of the 

flowchart shown in FIG. 8; 

FIG. 1 9 is a flowchart of a subroutine of the flowchart shown in FIG. 8; 
FIG. 20 is a flowchart of a subroutine of the flowchart shown in FIG. 19; 
FIG. 21 is a diagram illustrative of the flowchart shown FIG. 19; 
'5 FIG. 22 is a diagram illustrative of the flowchart shown FIG. 19; 

FIG. 23 is a diagram illustrative of the flowchart shown FIG. 1 9; 

FIG. 24 is a diagram illustrative of the flowchart shown FIG. 19; 

FIG. 25 is a diagram illustrative of the flowchart shown FIG. 19; 

FIG. 26 is a flowchart of a subroutine of the flowchart shown in FIG. 8; and 

FIG. 27 is a diagram illustrative of the flowchart shown FIG. 26. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0066] An air-fuel ratio control system for an Internal combustion engine according to the present invention will be 

25 described below with reference to FIGS. 1 through 27. 

[0087] FIG. 1 shows in block form the plant control system according to the embodiment. As shown in FIG. 1 , a four- 
cylinder internal combustion engine 1 mounted on a propulsion source on an automobile or a hybrid vehicle, i.e., a 
drive source for drive wheels thereof. The internal combustion engine 1 generates exhaust gases produced by com- 
bustion of an air-fuel mixture in the cylinders. The exhaust gases are collected into a common discharge pipe 2 (exhaust 

30 passage) positioned near the internal combustion engine 1 . from which the exhaust gas is discharged into the atmos- 
phere. Two catalytic converters 3, 4. each comprising a three-way catalytic converter combined with a NOx absorber 
(nitrogen oxide absorber), are mounted In the common exhaust pipe 2 at successively downstream locations thereon. 
[0088] The NOx absorber in each of the catalytic converters 3, 4 may be of the occlusion type which occludes NOx 
when the air-fuel ratio of the air-fuel mixture combusted in the internal combustion engine 1 is ot a lean state (the fuel 

35 is lesser than the stoichiometric air-fuel ratio) and the concentration of oxygen in the exhaust gas is relatively high 
(NOx in the exhaust gas is relatively high), or of the adsorption type which adsorbs NOx in the exhaust gas when the 
air-fuel ratio of the air-fuel mixture is of a lean state. The occlusion-type NOx absorber may be made of barium oxide 
(BaO). and the adsorption -type NOx absorber may be made of sodium (Na), titanium (Ti), or strontium (Sr). 
[0089] When the air-fuel ratio of the air-fuel mixture combusted in the internal combustion engine 1 is close to the 

'^0 stoichiometric air-fuei ratio or of a rich state (the fuel is greater than the stoichiometric air-fuel ratio), making the oxygen 
concentration in the exhaust gas relatively low, the occluslon>type NOx absorber discharges the occluded NOx. which 
is reduced by HC (hydrocarbon) and CO (carbon monoxide) in the exhaust gas. When the air-fuel ratio of the air-fuel 
mixture combusted in the internal combustion engine 1 is close to the stoichiometric air^uel ratio or of a rich state (the 
fuel is greater than the stoichiometric air-fuel ratio), making the oxygen concentration in the exhaust gas relatively low, 

45 the adsorption-type NOx absorber causes the adsorbed NOx to be reduced by HC (hydrocarbon) and CO (carbon 
monoxide) in the exhaust gas, producing a nitrogen gas that is discharged from the NOx absorber. 
[0090] Of the catalytic converters 3. 4, the catalytic converter related to the present invention Is the upstream catalytic 
converter 3, and the downstream catalytic converter 4 may be dispensed with. 

[0091] The plant control system serves to control an air-fuel ratio of the internal combustion engine 1 (more accurately 
50 the air-fuel ratio of an air-fuel mixture combusted by the internal combustion engine 1 ) in order to enable the catalytic 
converter 3 to achieve optimum exhaust gas purifying performance. The plant control system comprises a wide-range 
air-fuel ratio sensor 5 mounted on the exhaust pipe 2 upstream of the catalytic converter 3. or more precisely at a 
position where exhaust gases from the cylinders of the internal combustion engine 1 are put together, an O2 sensor 
(oxygen concentration sensor) 6 mounted on the exhaust pipe 2 downstream of the catalytic converter 3 and upstream 
55 of the catalytic converter 4, and a control unit 7 for carrying out a control process (described later on) based on detected 
output signals from the sensors 5, 6. The control unit 7 is supplied with detected output signals from the sensors 5, 6 
and also detected output signals from various other sensors for detecting operating conditions of the internal combus- 
tion engine 1, including a engine speed sensor, an intake pressure sensor, a coolant temperature sensor, etc. The O2 
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sensor 6 corresponds to an exhaust gas sensor. 

[0092] The wide-range air-luel ratio sensor 5 is in the form of an Og sensor, and outputs a signal having a level 
depending on the air-fuel ratio of an air-fuel mixture from which an exhaust gas introduced into the catalytic converter 
3 is generated by fuel combustion in the interna! combustion engine 1 . The air-fuel ratio is represented by the oxygen 

s concentration of the exhaust gas introduced into the catalytic converter. The output signal from the wide-range air-fuel 
ratio sensor 5 (hereinafter referred to as an LAF sensor 5) is processed by a detecting circuit such as a linearizer (not 
shown) into a signal having an output signal KACT having a level which is proportional to the air-fuel ratio of the air- 
fuel mixture combusted in the intemal combustion engine 1 in a wide range of air-fuel ratios, i.e., an output signal KACT 
representative of a detected value of the air-fuel ratio. The LAF sensor 5 is disclosed in detail in Japanese laid-open 

10 patent publication No. 4-369471 , which corresponds to U.S. patent No. 5.391 ,282. and will not be described below. 
[0093] The Og sensor 6 disposed downstream ol the catalytic converter 3 generates an output signal V02/0UT 
having a level depending on the oxygen concentration in the exhaust gas that has passed through the catalytic converter 
3. i.e.. an output signal V02/0UT representing a detected value of the oxygen concentration in the exhaust gas. as 
with ordinary O2 sensors. The output signal V02/0UT from the Og sensor 6 will change with high sensitivity in sub- 

15 stantial proportion to the oxygen concentration in the exhaust gas that has passed through the catalytic converter 3. 
with the air-fuel ratio recognized by the oxygen concentration in the exhaust gas being in a range A close to a stoichi- 
ometric air-fue! ratio, as shown in FIG. 2. 

[0094] The control unit 7 comprises a microcomputer and is roughly divided into a control unit 7a for performing in 
predetermined control cycles a process for successively generating a target air-fuel ratio KCMD (which is also a target 
20 value (or the output KACT o( the LAF sensor 5) lor the internal combustion engine 1 , and a control unrt 7b for perfoiming 
in predetermined control cycles a process for controlling the air-fuel ratio of the internal combustion engine 1 at the 
target air-fuel ratio KCMD. The control unit 7a will be referred to as an exhaust-side control unit 7a. and the control 
unit 7b will be referred to as an engine-side control unit 7b. 

[009S] The target air-fuel ratio KCMD generated by the exhaust-side control unit 7a is basically an air-fuel ratio of 
2S the internal combustion engine 1 required to set the output of the sensor 6 (the detected value of the oxygen 
concentration) at a predetermined target value (constant value). The control cycles of the process performed by the 
exhaust-side control unit 7a for generating the target air-fuel ratio KCMD are of a constant period (e.g., 30-100 ms) 
in view of a relatively long dead time of an exhaust system E (described later on) including the catalytic converter 3 
and calculating loads. 

30 [0096] The process performed by the engine-side control unit 7b for controlling the air-fuel ratio of the internal com- 
bustion engine 1 . more specifically the process for adjusting the amount of fuel supplied to the internal combustion 
engine 1 , is required to be synchronous with the rotational speed of the internal combustion engine 1 . The control 
cycles of the process performed by the engine-side control unit 7b are of a period in synchronism with a crankshaft 
angle period (so-called TDC) of the internal combustion engine 1 . Output data from various sensors including the LAF 

35 sensor 5 and the O2 sensor 6 are also read in synchronism with the crankshaft angle period (TDC) of the internal 
combustion engine 1. 

[0097] The constant period of the control cycles of the exhaust-side control unit 7a is longer than the crankshaft 
angle period (TDC). 

[0098] The engine-side control unit 7b has, as its main functional components, a basic fuel injection quantity calculator 
40 8 tor determining a basic fuel injection quantity Tim to be injected into the internal combustion engine 1 , a first correction 
coefficient calculator 9 for determining a first correction coefficient KTOTAL to correct the basic fuel injection quantity 
Tim, and a second correction coefficient calculator 10 for determining a second correction coefficient KCMDM to correct 
the basic fuel injection quantity Tim. 

[0099] The basic fuel injection quantity calculator 8 determines a reference fuel injection quantity for the internal 
45 combustion engine 1 from the rotational speed NE and intake pressure PB of the internal combustion engine 1 using 
a predetermined map, and corrects the determined reference fuel injection quantity depending on the effective opening 
area of a throttle valve (not shown) of the internal combustion engine 1 . thereby calculating a basic fuel injection quantity 
Tim, 

[0100] The first correction coefficient KTOTAL determined by the first correction coefficient calculator 9 serves to 
so correct the basic fuel injection quantity Tim in view of an exhaust gas recirculation ratio of the internal combustion 

engine 1 , i.e., the proportion of an exhaust gas contained in an air-iuel mixture introduced into the internal combustion 
engine 1 , an amount of purged fuel supplied to the internal combustion engine 1 when a canister (not shown) is purged, 
a coolant temperature, an intake temperature, etc. of the internal combustion engine 1. 

[0101] The second correction coefficient KCMDM determined by the second correction coefficient calculator 10 
55 serves to correct the basic fuel injection quantity Tim in view of the charging efficiency of an air-fuel mixture due to the 
cooling effect of fuel flowing into the internal combustion engine 1 depending on a target air-fuel ratio KCMD determined 
by the exhaust-side control unit 7a (described later on). 

[0102] The control unit 7 corrects the basic fuel injection quantity Tim with the first correction coefficient KTOTAL 
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and Ihe second correction coefficient KCMDM by multiplying the basic fuel injection quantity Tim by the first correction 
coefficient KTOTAL and the second correction coefficient KCMDN/I. thus producing a demand fuel injection quantity 
Tcyl for the internal combustion engine 1 . 

[0103] Specific details of processes for calculating the basic fuel injection quantity Tim, the first correction coefficient 
s KTOTAL. and the second correct'ion coefficient KCMDM are discbsed in detail in Japanese laidopen patent publication 
No. 5-79374 and U.S. patent No. 5.253,630, and will not be described below 

[0104] The engine-side control unit 7b also has. in addition to the above functional components, a feedback controller 
14 for adjusting a fuel injection quantity of the internal combustion engine 1 according to a feedback control process 
so as to converge the output signal KACT of the LAF sensor 5 (the detected air-fuel ratio) to the target air-fuel ratio 
10 KCMD which is sequentially determined by the exhaust control unit 7a. 

[0105] The feedback controller 14 comprises a general feedback controller 15 for feedback-controlling a total air- 
fuel ratio for all the cylinders of the internal combustion engine 1 and a local feedback controller 16 for feedback- 
controJIing an air-fuel ratio for each of the cylinders of the internal combustion engine 1 . 

[0106] The general feedback controller 1 5 sequentially determines a feedback correction coefficient KFB to correct 
1^ the dennand fuel injection quantity Tcyl (by multiplying the demand fuel injection quantity Tcyl) so as to converge the 
output signal KACT from the LAF sensor 5 to the target air-fuel ratio KCMD. 

[0107] The general feedback controller 15 comprises a PID controller 17 for determining a feedback manipulated 
variable KLAF as the feedback correction coefficient KFB depending on the difference between the output signal KACT 
from the LAF sensor 5 and the target air-fuel ratio KCMD according to a known PID control process, and an adaptive 
20 controller 18 (indicaled by "STR" in FIG. 1) for adaplively determining a feedback manipulaled variable KSTR for 
determining the feedback coi reclion coefficient KFB in view of changes in operating conditions of the interna) combus- 
tion engine 1 or characteristic changes thereof from the output signal KACT from the LAF sensor 5 and the target air- 
fuel ratio KCMD. 

[0108] In present embodiment, the feedback manipulated variable KLAF generated by the PID controller 17 is of '1 " 

25 and can be used directly as the feedback correction coefficient KFB when the output signal KACT (the detected air- 
fuel ratio) from the LAF sensor 5 is equal to the target air-fuel ratio KCMD, The feedback manipulated variable KSTR 
generated by the adaptive controller 16 becomes the target air-fuel ratio KCMD when the output signal KACT from the 
LAF sensor 5 is equal to the target air-fuel ratio KCMD. A feedback manipulated variable kstr (= KSTR^KCMD) which 
is produced by dividing the feedback manipulated variable KSTR by the target air-fuel ratio KCMD with a divider ig 

30 can be used as the feedback correction coefficient KFB. 

[0109] The feedback manipulaled variable KLAF generated by the PID controller 17 and the feedback manipulated 
variable kstr which is produced by dividing the feedback manipulated variable KSTR from the adaptive controller 18 
by the target air-fuel ratio KCMD are selected one at a time by a switcher 20. A selected one of the feedback manipulated 
variable KLAF and the feedback manipulated variable KSTR is used as the feedback correction coefficien! KFB. The 

35 demand fuel injection quantity Tcyl is corrected by being multiplied by the feedback correction coefficient KFB. Details 
of the general feedback controller 15 (particularly, the adaptive controller 18) will be described later on. 
[0110] The local feedback controller 16 comprises an observer 21 for estimating real air-fuel ratios #nA/F (n = 1, 2, 
3, 4) of the respective cylinders from the output signal KACT from the LAF sensor 5. and a plurality of PID controllers 
22 (as many as the number of the cylinders) for determining respective feedback correction coefficients #nKLAF for 
fuel injection quantities for the cylinders from the respective real air-fuel ratios #nA/F estimated by the observer 21 
according to a PID control process so as to eliminate variations of the air-fuel ratios of the cylinders. 
[01 1 1 ] Briefly stated, the observer 21 estimates a real air-fuel ratio #n A/F of each of ihe cylinders as follows; A system 
from the internal combustion engine 1 to the LAF sensor 5 (where the exhaust gases from the cylinders are combined) 
is considered to be a system for generating an air-fuel ratio detected by the LAF sensor 5 from a real air-fuel ratio #nA/ 

■^5 f of each of the cylinders, and is modeled in view of a detection response delay (e.g.. a time lag of first order) ot the 
LAF sensor 5 and a chronological contribution of the air-fuel ratio of each of the cylinders to the air-fuel ratio delected 
by the LAF sensor 5. Based on the modeled system, a real air-fuel ratio #nA/F of each of the cylinders is estimated 
from the output signal KACT from the LAF sensor 5. 

[0112] Details of the observer 21 are disclosed in Japanese laid-open patent publication No. 7-83094 and U.S. patent 

50 No. 5.531 ,208, for example, and will not be described below. 

[0113] Each of the PID controllers 22 of the local feedback controller 16 divides the output signal KACT from the 
LAF sensor 5 by an average value of the feedback correction coefficients ^nKLAF determined for all the cylinders by 
the respective PID controllers 22 in a preceding control cycle to produce a quotient value, and uses the quotient value 
as a target air-fuel ratio for the corresponding cylinder. Each of the PID controllers 22 then determines a feedback 

55 correction coefficient #nKLAF for each cylinder in a present control cycle so as to eliminate any difference between 
the target air-fuel ratio and the corresponding real air-fuel ratio #nA/F determined by the observer 21. 
[0114] The local feedback controller 16 multiplies a value, which has been produced by multiplying the demand fuel 
injection quantity Tcyl by the selected feedback correction coefficient KFB produced by the general feedback controller 
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15. by the feedback correction coefficient #nKLAF for each of the cylinders, thereby determining an output fuel injection 
quantity #nTout (n = 1 . 2. 3. 4) for each of the cylinders. 

(01 1 5] The output fuel injection quantity #nTout thus determined for each of the cylinders is corrected for accumulated 
fuel particles on intake pipe walls ot the internal combustion engine 1 by a corresponding fuel accumulation corrector 
5 23 in the engine-side control unit 7b. The corrected output fuel injection quantity #nTout is applied to each of fuel 
injectors (not shown) of the internal combustion engine 1 . which injects fuel into each of the cylinders with the corrected 
output fuel injection quantity #nTout. 

[0116] The correction of the output fuel injection quantity in view of accumulated fuel particles on Intake pipe walls 
is disclosed in detail in Japanese laid-open patent publication No. 8-21273 and U.S. patent No. 5,568,799, for example, 
^0 and will not be described in detail below. 

[0117] A sensor output selector 24 shown in FIG. 1 serves to select the output signal KACT from the LAP sensor 5, 
which is suitable for the estimation of a real air-fuel ratio #nA/F of each cylinder with the observer 21 , depending on 
the operating conditions ol the internal combustion engine 1. Details of the sensor output selector 24 are disclosed in 
detail in Japanese laid-open patent publication No. 7-259588 and U.S. patent No. 5,540«209, and will not be described 
In detail below. 

[0118] The exhaust-sidc control unit 7a has. as its main functional component, a target air-fuel ratio generator 28 for 
sequentially generating the in-got Hir-lucl ratio KCMD in control cycles of the engine-side control unit 7b using the data 
of the output signal KA3T of the LAP sensor 5 which is given via the engine-side control unit 7a and the data of the 
output signal V02/CUT o' imc O scnoo/ 6 

20 [0119] As shown 111 Fi :. 3 n...- i.i' j.,: .i.i luoi ratio generator 26 comprises a reference value setting unii 11 (reference 
value variable settint^ fi»« i..- r !..i!iy variably setting a reference value FLAF/3ASE with respect to the air- 

fuel ratio of the internrii coiiOui>!»:j»» c»>g«»it. i (hereinafter referred to as an "air-fuel ratio reference value FLAF/BASE", 
which is also a reference v/«iuc wnin ro&poci lo the output signal KACT of the LAF sensor 5), a subtracter 12 for deter- 
mining a difference kact i KAC" ^LAT 3ASE) between the output signal KACT from the LAF sensor 5 and the air- 

2S fuel ratio reference value P LAF BASE .irxj .i subtractor 13 for determining a difference V02 (= V02/0UT - V02/TAR- 
GET) between the output tKjnwi \/02 OUT tfom the Og sensor 6 and a target value V02/TARGET therefor. The target 
value V02/TARGET for ir»o output siqrvat V02/0UT from the Og sensor 6 is established as a constant value (fixed 
value) since in the presoni ombociirwii optmum exhaust gas purifying performance of the catalytic converter 3 can 
be achieved with the output «u<in-,i \A^r rx iT from the sensor 6 being set at a certain constant value (see FIG. 2). 

30 [0120] The differences kr<t VO? rtc ofrr^irvDd respectively by the subtracters 1 2. 13 are referred to as a differential 
output kact of the LAF scnsoi 5 /trxi diflcrcntial output V02 of the Og sensor 6, respectively. 
[01 21] The target air-fue into QorcfAiot 26 also has a manipulated variable generator 29 for sequentially generating 
a manipulated variable usi lor coniroiiinq ihc air-fuel ratio of the internal combustion engine 1 in order to converge the 
output signal V02/0UT from the O- sonsof 6 to the target value V02/TARGET, i.e., to converge the differential output 

3S V02 to "O", using the data of :hc dif crcntial output kact of the LAF sensor 5 and the differential output V02 of the O2 
sensor 6, a limiter 30 for generating h mrinipulated variable kcmd by limiting the manipulated variable usI to a value 
within a predetermined allowable fringe nnd an adder 31 for adding the air-fuel ratio reference value FLAF/BASE 
established by the reference vhIuc setting unit 11 to the manipulated variable kcmd generated by the limiter 30. 
[0122] The manipulated varwtki goncrHiof 29 and the limiter 30 correspond respectively to a manipulated variable 

40 generating means and a limiting moans 

[0123] The manipulated variable usi generated by the manipulated variable generator 29 as described later on rep- 
resents the difference between the actual air-fuel ratio (detected by the LAF sensor 5) of the internal combustion engine 
1 required to converge the output signal V020UT from the sensor 6 to the target value V02/TARGET, and the air- 
fuel ratio reference value FLAF/BASE Therefore, basically, in order to converge the output signal V02/0UT from the 

4S O2 sensor 6 to the target value V02/1ARGET the sum of the manipulated variable usi (hereinafter referred to as a 
"demand differential air-fuel ratio usi*) and the air-fuel ratio reference value FLAF/BASE may be generated as the 
target air-fuel ratio KCMD. 

[01 24] The demand differential air-fuel ratio usi generated by the manipulated variable generator 29 may occasionally 
suffer relatively large changes due to disturbances. When the actual air-fuel ratio (detected by the LAF sensor 5) of 

50 the internal combustion engine 1 is controlled at the target air-fuel ratio (= usi -1- FLAF/BASE) determined depending 
on the demand differential air-fuel ratio usi, the internal combustion engine 1 may possibly operate unstably. 
[01 25] In order to avoid the above drawback, the limiter 30 in the target air-fuel ratio generator 28 limits the demand 
differential air-fuel ratio usi to generate the manipulated variable kcmd whose value is limited within the allowable range. 
[0126] The limiter 30 limits the demand differential air-fuel ratio usi as follows: When the value of the demand differ- 

ss ential air-fuel ratio usi is in the allowable range (a normal state), the limiter 30 sets up the demand differential air-fuel 
ratio usi as the manipulated variable kcmd. When the value of the demand differential air>fuel ratio usi deviates from 
the allowable range beyond its upper limit value or bwer limit value, the limiter 30 forcibly sets the demand differential 
air-fuel ratio us! to the upper limit value or lower limit value of the allowable range. 
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[0127] The adder 31 in the target air-fuel ratio generator 28 adds the air-fuel ratio reference value FLAF/BASE to 
the rrwnipulated variable kcmd (hereinafter referred to as a "command differential atr-fuei ratio kcmd") produced by 
limiting the demand differential air-fuel ratio usi. generating the target air-fuel ratio KCMD. i.e.. the target air-fuel ratio 
KCMD (= kcmd + FLAF/BASE) to be given as a command value for the air-tuel ratio of the internal combustion engine 

5 1 to the engine-side control unit 7b. 

[0128] The manipulated variable generator 29 will further be described below. The manipulated variable generator 
29 sequentially determines the demand differential air-fuel ratio usI in control cycles of the exhaust-stde control unit 
7a as a control input go be given to an exhaust system E (hereinafter referred to as an "object exhaust system E*), 
which extends from the position of the LAP sensor 5 in the exhaust pipe 2 (upstream of the catalytic converter 3) to 

TO the position of the Og sensor 6 (downstream of the catalytic convener 3) and which includes the catalytic converter 3. 
in order to converge the output signal V02/0UT of the sensor 6 to the target value V02/TARGET therefor, i.e., to 
converge the differential output V02 of the Og sensor 6 to "0", according to a sliding mode control process, which is a 
type of feedback control process, in view of a dead time present in the object exhaust system E. dead times present 
in the internal combustion engine 1 and the engine control unit 7b. and behavioral changes o1 the object exhaust system 

75 E. 

[0129] For generating the demand ditlerential air-fuel ratio usl. the object exhaust system E is regarded as a system 
for generating the differential output V02 of the O2 sensor 6 with a dead time and a response delay from the differential 
output kaci of the LAF sensor 5 which corresponds to the difference between the actual air-fuel ratio of the air-fuel 
mixture, i.e., the air-fuel mixture from which the exhaust gas emenng the catalytic converter 3 is generated upon 

20 combustion, and the air-fuel ratio reference value FLAF/BASE, and the behavior of the system is modeled in advance. 
In addition, the system comprising the internal combustion engine 1 and the engine-side control unit 7b is regarded 
as a system (hereinafter Te\ene6 to as an "air-fuel ratio manipulating system") for generating the differential output 
kact of the LAF sensor 5 with a dead time from the command differential air-fuel ratio kcmd (which usually agrees with 
the demand differential air-fuel ratio usI) that represents the difference (= KCMD - FLAF/BASE) between the target air- 

25 fuel ratio KCMD and the air-fuel ratio reference value FLAF/BASE, i.e., a system in which the differential output kact 
of the LAF sensor 5 at each point of time agrees with the command differential air-fuel ratio kcmd prior to the dead 
time of the air-fuel ratio manipulating system, and the behavior of the system is modeled in advance. 
[0130] The model representing the behavior o! the object exhaust system E (hereinafter referred to as an "exhaust 
system model") is expressed as a model of a discrete-time system (more specifically, an autoregressive model having 

30 a dead time in the differential output kact as an input to the object exhaust system E) according to the following equation 
(1): 



V02(k+1) = al.V02(k)-i-a2.V02(k-1)+bl-kact(k-dl) (1) 

35 

where "k" represents the number of a discrete-time control cycle of the exhaust-side control unit 7a» and "d1 " the dead 
time present in the object exhaust system E as expressed in terms of the number of control cycles. The dead time of 
the object exhaust system E (the time required until the air-fuel ratio detected by the LAF sensor 5 at each point of 
time is reflected in the output signal V02/0UT from the O2 sensor 6) is generally equal to the time of 3 - 10 control 
^0 cycles (d1 = 3 - 10) it the period (constant) of control cycles of the exhaust-side control unit 7a ranges from 30 to 100 
ms. In present embodiment, a preset constant value (e.g., d1 = 7 in the present embodiment) equal to or slightly longer 
than the actual dead time of the object exhaust system E is used as the dead time d1 in the exhaust system model as 
represented by the equation (1). 

[0131] The first and second terms of the right side of the equation (1 ) correspond to a response delay of the object 
45 exhaust system E, the first term being a primary autoregressive term and the second term being a secondary autore- 
gressive term. In the first and second terms, "al". "a2" represent respective gain coefficients of the primary autore- 
gressive term and the secondary autoregressive term. Slated otherwise, these gain coefficients "al", *a2'' are coeffi- 
cients relative to the differential output V02 of the O2 sensor 6 in the exhaust system model. 

[0132] The third term of the right side of the equation (1 ) represents the differential output kact of the LAF sensor 5 
50 as an input to the object exhaust system E, including the dead time dl of the object exhaust system E. In the third term, 
"b1 ■ represents a gain coefficient relative to its input (= the differential output kact of the LAF sensor 5). The gain 
coefficients 'al', "a2", "bl" are parameters which are to be set (identified) to values in defining the behavior of the 
exhaust system model, and arc sequentially identified by an identifier which will be described later on. 
[0133] In the exhaust system model expressed as the discrete time system according to the equation (1 ), the differ- 
55 ential output V02(k+1 ) of the sensor 6 as an output of the object exhaust system E in each control cycle of the 
exhaust-side control unit 7a is expressed by a plurality of (two in this embodiment) differential outputs V02(k). VO(k- 
1 ) and a ditterential output kact(k-dl ) of the LAF sensor 5 in past control cycles prior to the control cycle. 
[0134] The model of the air-fuel ratio manipulating system comprising the internal combustion engine 1 and the 
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engine-side control unit 7b (hereinafter referred to as an 'air-fuel ratio manipulating system model) is expressed as a 
discrete-time system model according to the following equation (2): 

^ kact(k) = kcmd (k - d2) (2) 

where "d2'' represents the dead time (second dead time) of the air-fuel ratio manipulating system in terms ot the number 
of control cycles of the exhaust-side control unit 7a. The dead time ol the air-fuel ratio manipulating system (the time 
required until the target air-fuel ratio KCMD or the command differential air-tuet ratio kcmd at each point of time is 

TO reflected In the output signal KACT or the differential output kact of the LAF sensor 5) varies with the rotational speed 
of the internal combustion engine 1 . and is longer as the rotational speed of the internal combustion engine 1 is lower. 
In present embodiment, in view of the above characteristics of the dead time of the air-fuel ratio manipulating system 
expressed by the equation (2). a preset constant value (d2 = 3 in the present embodiment) which is equal to or slightly 
longer than the dead time of the actual air-fuel ratio manipulating system at an idling rotational speed of the internal 

IS combustion engine 1 (the dead time is a maximum dead lime which can be taken by the air-fuel ratio manipulating 
system at an arbitrary rotational speed of the internal combustion engine 1) is used as the value ot the dead time d2 
in the air-fuel ratio manipulating system model expressed by the equation (2). 

[0135] In the air-fuel ratio manipulating system model expressed by the equation (2), the differential output kact(k) 
of the LAF sensor 5 in each control cycle of the exhaust-side control unit 5a is assumed to agree with the command 
20 differential air-fue! ratio kcmd(k-d2) prior to Ihe dead lime d2 of the air-fuel ratio manipulating system, and is expressed 
by the command differential air-fuel ratio kcmd(k-d2). 

[0136] The air-fuel ratio manipulating system actually includes a response delay of the internal combustion engine 
1 in addition to the dead time. Since a response delay of the output KACT or the differential output kact of the LAF 
sensor 5 with respect to the target air-fuel ratio KCMD or the command differential air-fuel ratio kcmd is basically 
2S compensated for by the feedback controller 14 (particularly the adaptive controller 13) in the engine-side control unit 
7b, there will arise no problem if the response delay of the internal combustion engine 1 is not taken into account in 
the air-fuel ratio manipulating system as viewed from the manipulated variable generator 29 in the exhaust-side control 
unit 7a, 

[01 37] The manipulated variable generator 29 carries out the process constructed on the basis of the exhaust system 

30 model and the air-fuel ratio manipulating system model expressed by the respective equations (1). (2) in the control 
cycles of the exhaust-side control unit 7a. to sequentially generate the demand manipulated quantity usi as an input 
to be given to the object exhaust system E for converging the output V02/0UT of the O2 sensor 6 to its target value 
\/02/TARGET In order to generate the demand manipulated quantity usI, the manipulated variable generator 29 has 
its functional components as shown in FIG. 3. 

35 [0138] Specifically the manipulated variable generator 29 comprises an identifier 25 for sequentially identifying in 
each control cycle values of the gain coefficients a1, a2, b1 that are parameters to be established for the exhaust 
system model (the equation (1 )). using the data of the differential output kact from the LAF sensor 5 and the differential 
output V02 from the Og sensor 6, an estimator 26 for sequentially estimating in each control cycle an estimated value 
\/02 bar of the differential output V02 from the sensor 6 (hereinafter referred to as an "estimated differential output 

40 V02 bar") after the total dead time d (=: d1 + d2) which is the sum of the dead time d1 of the object exhaust system E 
and the dead lime d2 of the air-fuel ratio manipulating system, using the data of the differential output kact from the 
LAF sensor 5. the data of the differential output V02 from the Og sensor 6, the data of the command differential air- 
fuel ratio kcmd (normally, kcmd = usI) produced when the demand differential air-fuel ratio usI determined in the past 
by a sliding mode controller 27 is limited by the limiter 30, identified values al hat. a2 hat, b1 hat of the gain coefficients 

4S al, a2, b1 that are calculated by the identifier 25 (hereinafter referred to as 'identified gain coefficients al hat, a2 hat, 
bl hat"), and a sliding mode controller 27 for sequentially determining in each control cycle the demand differential air- 
fuel ratio usI, using the data ot the estimated differential output V02 bar from the O2 sensor 6 which has been determined 
by the estimator 26 and the identified gain coefficients al hat, a2 hat. bl hat, according to an adaptive slide mode 
control process. 

so [01 39] The algorithm of a processing operation to be carried out by the identifier 25, the estimator 26. and the sliding 
mode controller 27 is constructed as follows: 

[0140] The identifier 25 sen/es to identify the gain coefficients al, a2, b1 sequentially on a real-time basis for the 
purpose of minimizing a modeling error of the actual object exhaust system E of the exhaust system model expressed 
by the equation (1). The identifier 25 carries out its identifying process as follows: 
ss [0141] In each control cycle of the exhaust-side control unit 7a, the identifier 25 determines an identified value V02 
(k) hat of the differential output V02 from the O2 sensor 6 (hereinafter referred to as an "identified differential output 
V02 hat") on the exhaust system model, using the identified gain coefficients al hat, a2 hat. bl hat of the presently 
established exhaust system model, i.e . identified gain coefficients al hat (k-1). a2 hat (k-1). bl hat (k-1) determined 
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in a preceding control cycle, and past data of the differential output kact from the LAF sensor 5 and the differential 
output \/02 from the sensor 6, according to the following equation (3): 

5 VC2(k) = a"l(k-l)*V02(k-l> + a2(k-l)«VC2(k-2) + bl(k-l)k:act(k-ril-l) 

(3) 

[0142] The equation (3) corresponds to the equation (1) which is shitted into the past by one control cycle with the 
10 gain coefficients al . a2 bl being replaced with the respective identified gain coefficients al hat (k-1 ), a2 hat (k-1), bl 
hat (k-1 ). The value of the dead time "dl " of the object exhaust system E in the third term of the equation (3) represents 
a preset constant value (di = 7 in this embodiment) as described above. 

[0143] If vectors (-). c defined by the following equations (4). (5) are introduced (the letter T in the equations (4), (5) 
and other equations represents a transposition), then the equation (3) is expressed by the equation (6): 
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(:^*(k) = [^al(k)a2(k)bl(k)J (4) 



^ ( V02(k-1 )V02(k-2)kact(k-d1 -1 )] (5) 



V02(k| = H'<k - l| «S(k) (6) 



[0144] The identifier 2S rt»io dciccmr^cs rt difference id/e between the identified differential output \/02 hat from the 
O2 sensor 6 which is dcicrmmod by tf>c oqu<it>on (3) or (6) and the present differential output V02 from the Og sensor 
6, as representing a modciinq cfro* oi tr»c ohaust system model with respect to the actual object exhaust system E 
(hereinafter the difference id o will bo rotof rod to as an "identified error id/e"), according to the following equation (7): 



id/e<k)= V02(k)- V02(k) (7) 



[0145] The identifier 25 tur.hcr dolormioes new identified gain coefficients a1(k) hat, a2(k) hat. b1(k) hat. stated 
otherwise, a new vector (-)(k) having these identified gain coefficients as elements (hereinafter the new vector 0(k) will 
be referred to as an 'identified qnin cocff»CK3nt vector 0"). in order to minimize the identified error id/e. according to the 
equation (8) given below. That is the idontitior 25 varies the identified gain coefficients al hat (k-1), a2 hat (k-l), bl 
hat (k-1) determined in the preceding control cycle by a quantity proportional to the identified error id/e tor thereby 
determining the new identified gam coctticicnls al (k) hat, a2(k) hat. bl (k) hat. 



G(k) = 0(k-1) + Ke(k).id/e(k) (8) 

where KB represents a cubic vector delormined by the following equation (9). i.e., a gain coefficient vector for deter- 
mining a change depending on the identified error id/e of the identified gain coefficients al hat. a2 hat, bl hat) : 



so Ke(k) = ^V^-'^y^i^) 

1+§>)P(k-1)4(k) 

where P represents a cubic square matrix determined by a recursive formula expressed by the following equation (10): 
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P(k) = 



^ A,(k)P(k-l)g(k)^^(k) 
A,(k)[ A,{k) + A3(k)^^(k)P{k-i)^(k) 



P(k-l) (10) 



where I represents a unit matrix. 

[0146] In the equation (10). X^, are established to satisfy the conditions 0 < < 1 and 0 < < 2.. and an Initial 
value P(0) of P represents a diagonal matrix whose diagonal components are positive numbers. 
[01 47] Depending on how , in the equation (1 0) are established, any one of various specific algorithms including 
70 H fixed grjin method, a degressive gain method, a method of weighted least squares, a method of least squares, a 
fixed tracing method, etc. may be employed. According to present embodiment, a method of least squares (X^ = = 
1) for example, is employed. 

[0148] Basically, the identifier 25 sequentially determines in each control cycle the identified gain coefficients a1 hat. 
a2 hai. b1 hat of the exhaust system model in order to minimize the identified error id/e according to the above algorithm 
1^ (calculating operation). Through this operation, it is possible to sequentially obtain the identified gain coefficients a1 
hat, a2 hat, b1 hat which match the actual object exhaust system E. 

[0149] The calculating operation described above is the basic processing thai is carried out by the identifier 25. In 
present embodiment, the identifier 25 performs additional processes such as a limiting process, on the identified gain 
coctf cicnts al hat, a2 hat, b1 hat In order to determine them. Such operations of the identifier 25 will be described 
2o or on 

[Ot 50] Tlic estimator 26 sequentially determines in each control cycle the estimated differential output V02 bar v/hich 
IS an oslimdted value of the differential output V02 from the O2 sensor 6 after the total dead time d (= d1 + d2) in order 
!o compensate for the effect of the dead time dl of the object exhaust system E and the effect of the dead time d2 of 
the air -fuel ratio manipulating system for the calculation of the demand differential air-fuel ratio usl with the sliding mode 
25 controller 27 as described in detail later on. Since details of the estimator 26 are disclosed in U. S. patent application 
No 09/31 1 353. the estimator 26 will briefly be described below 

[0151] II the equation (2) expressing the model of the air-fuel ratio manipulating system is applied to the equation 
(1) expressing the exhaust system model, then the equation (1) can be rewritten as the following equation (11): 

30 

V02(k+2) = ai -V02 (k) +a2 -V02 (k-1) +bl -kcmd {k-Gl-d2) 

= al •V02 (k) +a2-V02 (R-l)+bl-kcmd(k-ci) (11) 

35 [01 52] The equation (11) expresses a system which is a combination of the object exhaust system E and the air-fuel 
ratio manipulating system as the model of a discrete time system, regarding such a system as a system for generating 
the differential output V02 of the Og sensor 6 from the command differential air-fuel ratio kcmd with dead times of the 
object exhaust system E and the air-fuel ratio manipulating system and a response delay of the object exhaust system E. 
[0153] Using the equation (11), the estimated differential output V02(k-»-d) bar which is an estimated value of the 

40 differential output V02 of the O2 sensor 6 after the total dead time d in each control cycle is expressed using present 
and past time-series data V02(k), V02(k-1 ) of the differential output V02 of the Og sensor 6 and past time-series data 
kcmd(k-j) (j = 1. 2, — , d) of the command differential air-fuel ratio kcmd (= KCMD - FLAF/BASE), according to the 
following equation (12): 

^5 

d 

V02( k + d ) = ai • V02 { k ) + a2 - V02 ( k - 1 ) + • kcmd ( k - j ) (12) 



^0 where 



ctl = the first-row, first-column element of A*^, 
a2 = the first-row. second-column element of A^, 
pj = the first-row elements of Ai'^-B 
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[0154] In the equation (12). a1, tx2 represent the first-row, first-column element and the first-row, second-column 
element of the dth power (d: total dead time) of the matrix A defined as described above, and Pj represents the first- 
row elements of the product A*"^ B of the (j-l )th power AH (j = i , 2, — , d) of the matrix A and the vector B defined as 
described above. 

[0155] Of the past time-series data kcmd(k-j) (j = 1, 2, d) of the command differential air-fuel caiio kcmd in the 
equation (12). the past time-senes data kcmd(k-d2), kcmd(k-d2-1), kcmdfk-d) of the command ditterentlal alr-luel 
ratio kcmd before the dead lime d2 of the air-fuel ratio manipulating system from the present time can be replaced with 
data kact(k). kact(k-1 ), kact(k-d+2). respectively, prior to the present time, of the differential output kact of the LAF 
sensor 5. The replacement of the data results in the following equation (13): 



V02(k 4 d) = a\ V02(k) -f a2 V02(k - 1 ) 

.J . - 1 cl d , 

+ • kcmd(k - j) + • kacKk 

j-i i«» 

= a I V02(k) + a2 * V02(k - 1 ) 

a. -I .1. 
L A • J<cmd{k - J) + XI A--' •^^'^^^^('^ 

I -I 

[01 56] The above equation (1 3) is a basic equation for the estimator 26 to calculate the estimated differential output 
V02(k+d) bar in this embodiment. Stated otherwise, the estimator 26 determines the estimated differential output V02 
bar of the O2 sensor 6 according to the equation (13), using the present and past time-series data V02(k), V02(k-1 ) 
of the differential output V02 of the O2 sensor 6. the past data kcmd(k-j) (j - 1. d2-1) of the command differential 
air-fuel ratio kcmd which is produced by limiting the demand differential air-fuel ratio usi generated by the sliding mode 
controller 27, and the present and past time-series data kact(k-i) (i = 0, — , dl ) of the differential output kact of the LAF 
sensor 5. 

[0157] In this embodiment, the values of the coefficients a1, o2, pj required to ca\cu\a\e the es\'\ma\e6 6\1ieren\\a\ 
output V02(k+d) bar according to the equation (13) are basically calculated using the identified gain coefficients a1 
hat; a2 hat bl hat which are identified values of the gain coefficients a1, a2, b1 (these are elements of the matrix A 
and the vector B defined above with respect to the equation (1 2)). For the values of the dead times d1 , d2 required for 
the calculation of the equation (13), the preset values described above are used. 

[0158] The estimated differential output V02(k+d) bar may be determined according to the equation (12) without 
using the data of the differential output kact of the LAF sensor 5. In such a case, the estimated differential output V02 
(k+d) bar is determined using the present and past time-series data V02(k). V02(k-1 ) of the differential output V02 of 
the O2 sensor 6, the past time-series data kcmd(k-j) (j = 1, 2. d) of the command differential air-fuel ratio kcmd. and 
the values of the coefficients a1. ot2, pj (j = 1.2. — . d) determined by the identified gain coefficients a1 hat, a2 hat, bl 
hat. For increasing the reliability of the estimated differential output V02(k+d) bar, it is preferable to calculate the 
estimated differential output V02(k+d) bar according to the equation (13) using the data of the differential output kact 
of the LAF sensor 5 which reflects the BcXija\ behavior of the internal combustion engine 1. 

[01 59] If the dead time d2 of the air-fuel ratio manipulating system may be set to d2 = 1 , then all the past time-series 
data kcmd(k-j) (j = 1,2, • d) of the command differential air-fuel ratio kcmd in the equation (12) may be replaced with 
the timo-series data kact(k), kact(k-1 ). • kact(k-d-vd2), prior to the present time, of the LAF sensor 5. In this case, the 
estimated differential output V02(k+d) bar can be determined according to the following equation (14) which includes 
no data of the command differential air-fuel ratio kcmd: 



(13) 



-i) 
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d - J 

V02(k + cl) = al- V02 (k) + a2* V02 + J^y3^,i -kact (k- j) (14) 

1=0 

5 

[01 60] In the present embodiment, the estimator 26 determines in each control cycle the estimated differential output 
V02 bar of the O2 sensor according to the equation (13) which differs from the equation (12) in that all, prior to the 
dead time d2 of the air-fuei ratio manipulating system, of the time-series data of the target differential air-fuel ratio 
kcmd in the equation (12) are replaced with the differentia! output kact of the LAF sensor 5. However, the estimated 
10 differential output V02 bar may be determined according to an equation which differs from the equation (12) in that 
only part of the time-series data of the target differential air-fuel ratio kcmd prior to the dead time d2 in the equation 
(12) is replaced with the differential output kact of the LAF sensor 5. 

[0161] The above calculating process is the basic algorithm for the estimator 26 to determine the estimated differential 
output V02(k+d) bar which is an estimated value after the total dead time d of the differential output V02 of the O2 

'5 sensor in each control cycle, 

[0162] The sliding mode controller 27 will be described in detail below Since details of the sliding mode controller 
27 are disclosed in U. S. patent application No. 09/311 353, the sliding mode controller 27 will briefly be described below. 
[0163] The sliding mode controller 27 sequentially determines the demand differential air-fuel ratio usi as a manip- 
ulated variable for manipulating the air-fuel ratio of the internal combustion engine 1 in order to converge the output 

20 signal V02/0UT from the O2 sensor 6 to the target value V02/TARGET i.e., to converge Ihe differential output V02 
of the Oo sensor 6 to "0", according to an adaptive sliding mode control process which incorporates an adaptive control 
law for minimizing the effect of a disturbance, in the normal sliding mode control process. An algorithm for carrying out 
the adaptive sliding mode control process is constructed as follows: 

[0164] A switching function required for the adaptive sliding mode control process of the sliding mode controller 27 
25 and a hyperplane defined by the switching function (also referred to as a slip plane) will first be described below. 

[0165] According to a basic concept of the sliding mode control process in the present embodiment, the differential 
output V02(k) from the O2 sensor 6 in each control cycle and the differential output V02(k-1 ) in each preceding control 
cycle are used, and a switching function a for the sliding mode control process is established according to the following 
equation (15). The switching function a is defined by a linear function having as components the present and past time- 
30 series data V02(k), \/02(k-1) of the differential output V02 of the Og sensor 6. The vector X defined according to the 
equation (1 5) as a vector having the differential outputs V02(k). V02(k-1 ) as its components will hereinafter be referred 
to as a state quantity X. 

35 0(k) = sl-V02(k) + s2-V02(k-l) 

= S-X 

40 

(5 = [5l j21,X = 



[01 66] The coefficients si , s2 relative to the components V02(k), V02(k-1 ) of the switching function a are established 
45 to meet the condition of the following equation (1 6): 

-1<f2<l (16) 

^0 (when s1= 1, -1 < s2 < 1) 

[0167] In the present embodiment, for the sake of brevity, the coefficient si is set to si = 1 (s2/s1 = s2), and the 
coefficient s2 is established to satisfy the condition: -1 < s2 < 1 . 

[0168] With the switching function o thus defined, the hyperplane for the sliding mode control process is defined by 
the equation o 0. Since the state quantity X is of the second degree, the hyperplane a = 0 is represented by a straight 
S5 tine as shown in FIG. 4. and. at this time, the hyperplane is called also a switching function. 

[0169] The time-scries data of the estimated differential output V02 bar determined by the estimator 26 is actually 
used as the components of the switching function, as described later on. 

[0170] The adaptive sliding mode control process in this embodiment serves to converge the stale quantity X onto 



V02{k) 
V02{k - I) 
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the hyperpJane o = 0 according to a reaching control law which is a control law for converging the state quantity X = 
(V02(k). \/02(k-1)) onto the hyperplane a = 0, i e.. for converging the value of the switching function a to "0". and an 
adaptive control law (adaptive algorithm) which is a control taw for compensating for the effect of a disturbance in 
converging the state quantity X onto the hyperplane o = 0 (mode 1 in FIG. 4). While converging the state quantity X 
onto the hyperplane o = 0 according to an equivalent control input (holding the value of the switching function o at "O"). 
the stale quantity X is converted to a balanced point on the hyperplane 0 = 0 where V02(k) = V02(k-1) = 0. i.e., a 
point where time-series data V02/0UT(k), V02/0UT(k-1 ) of the output V02/0UT of the O2 sensor 6 are equal to the 
target value V02/rARGET. 

|0171 J The command differential air-fuel ratio usi to be generated by the sliding mode controller 27 according to the 
sliding mode control process for converging the state quantity X to the balanced point on the hyperplane a = 0 is 
expressed as the sum of an equivalent control input ueq to be applied to the object exhaust system E according to the 
control law for converging the state quantity X onto the hyperplane o = 0. an input urch (hereinafter referred to as a 
"reaching control law input urch") to be applied to the object exhaust system E according to the reaching control law 
and an input uadp (hereinafter referred to as an "adaptive control law input uadp") to be applied to the object exhaust 
syslem E according to the adaptive control law (see the following equation (17)). 

Usi = Ueq + Urch + Uadp ( 1 7) 

[0172] The equivalent conliol input ueq the reaching control law input urch, and the adaptive control law uadp are 

detcnnincc on the basis of the model of the discrete time system expressed by the equation (11) (a mode! where the 
dufcrcntial output kact(k-dl) of the LAF sensor 5 in the equation (1) is replaced with the command differential air-fuel 
ratio kcmd(k-d) using the total dead time d), as follows: 

[01 73] The equivalent control input ueq which is an input to be applied to the object exhaust system E for converging 
the slate quantity X onto the hyperplane o = 0 is equal to the command differential air-fuel ratio kcmd which satisfies 
the condition: a(k+1) = a(k) = 0. Using the equations (11), (15), the equivalent control input ueq which satisfies the 
above condition is given by the following equation (18): 

Ueq(k) = - (S-B)"'- {S- (A-1) } •X(k+d) 

^j~\[s\(a\^\)-^s2]V02(k^d) ^^3^ 
+ (5l • al - 52) • V02{k + d - 1) I 

[0174] The equation (18) is a basic formula for determining the equivalent control input ueq in each control cycle. 
[0175] According to present embodiment, the reaching control law input urch is basically determined according to 
the following equation (19): 

Urch(k) = -(S B)'^ F-oCk+d) 

F'0{k+d) (19) 



s1b1 



[01 76] Specifically, the reaching control law input urch is determined in proportion to the value o(k+d) of the switching 
function a after the total dead time d, in view of the effect of the total dead time d. 

[0177] The coefficient F in the equation (19) which determines the gain of the reaching control law is established to 
satisfy the condition expressed by the following equation (20) : 

0 < F < 2 (20) 

[0178] The value of the switching function a may possibly vary in an oscillating fashion (so-called chattering) with 
respect to "0". In order to suppress such chattering, it is preferable that the coefficient F relative to the reaching control 
law input urch be established to further satisfy the condition of the following equation (21): 

0<F<1 (21) 
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[0179] The adaptive control law input uadp is basically deternnined according to the following equation (22) (AT in 
the equation (22) represents the period of the control cycles of the exhaust-side control unit 7a): 

Uadp{k) = "{S By' G Y.(a{i) - AT) 

[0180] The adaptive control law input uadp is determined in proportion to an integrated value (which corresponds to 
an integral of the values of the switching function c) over control cycles of values of the switching function a until after 
the total dead time d. in view of the effect of the total dead time d. 

[0181] The coefficient G (which determines the gain of the adaptive control law) in the equation (22) is established 
to satisfy the condition of the following equation (23): 

(0 < J < 2) (23) 

[0182] A specific process of deriving conditions for establishing the equations (16), (20), (21), (23) is described in 
detail in Japanese patent application No. 1 1 -93741 and U. S. patent application No. 09/1 53032, and will not be described 
in detail below. 

[0183] The demand differential air-fuel ratio usi as an input to be given to the object exhaust system E for converging 
the output signal V02/0UT of the sensor 6 to its target value V02/TARGET may basically be determined as the 
sum (ueq -i- urch + uadp) of the equivalent control input ueq, the reaching control law input urch, and the adaptive 
control law uadp determined according to the respective equations (18). (19), (22). However, the drfferential outputs 
V02(K4d), V02(k+d-1 ) of the O2 sensor 6 and the value o(k+d) of the switching function o. etc. used in the equations 

(18) . (19). (22) cannot directly be obtained as they are values in the future. 

[0184] According to present embodiment, therefore, the sliding mode controller 27 uses the estimated diflerential 
outputs V02(k+d) bar, V02(k+d-1) bar determined by the estimator 26, instead of the differential outputs V02(K+d), 
V02(k+d-1 ) from the 02 sensor 6 for determining the equivalent control input ueq according to the equation (18), and 
calculates the equivalent control input ueq in each control cycle according to the following equation (24): 

Ueq{k) = [{s^•(a^ - 1 ) + s2].T?02(/f + d) 

+ (sVa2- s2)'V02{k-^ d- 1)} (24) 

[0185] According to present embodiment, furthermore, the sliding mode controller 27 actually uses time-series data 
of the estimated differential output V02 bar sequentially determined by the estimator 26 as described as a state quantity 
to be controlled. That is. the sliding mode controller 27 defines a switching function a bar according to the following 
equation (25) (the linear function o bar corresponds to time-series data of the differential output V02 in the equation 
(15) which is replaced with time-series data of the estimated differential output V02 bar), in place of the switching 
function o established according to the equation (15): 

G(r) = s1.1?02(/c) + s2-"l^(/c- 1) (25) 

[0186] The sliding mode controller 27 calculates the reaching control law input urch in each control cycle according 
to the following equation (26), using the value of the switching function o bar represented by the equation (25). rather 
than the value of the switching function o for determining the reaching control law input urch according to the equation 

(19) : 
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Urch{k) = 



-1 



'F'G(k+cf) 



(26) 



s^b^ 



[0187] Similarly, the sliding mode controller 27 calculates the adaptive control law input uadp in each control cycle 
according to the following equation (27). using the value of the switching function a bar represented by the equation 
(25). rather than the value of the switching function o for determining the adaptive control law input uadp according to 
the equation (22): 



[0188] The latest identified gain coefficients a1 (k) hat, a2(k) hat, b1 (k) hat which have been determined by the iden- 
tifier 25 are basically used as the gain coefficients a1 , a2, b1 that are required to calculate the equivalent control input 
ueq. the reaching control law input urch, and the adaptive control law Input uadp according to the equations (24), (26). 



[0189] The sliding mode controller 27 determines the sum of the equivalent control input ueq, the reaching control 
law input urch. and the adaptive control law input uadp determined according to the equations (24), (26), (27). as the 
demand differential air-fuel ratio usi (see the equation (17)). The conditions for establishing the coefficients si, s2, F, 
G used in the equatk^ns (24), (26), (27) are as described above, 

[0190] The demand differenlicil air-fuel ratio usI determined by '.he sliding mode conlrollef 27 as described above 
signifies an input to be given to the object exhaust system 1 for converting the estimated differential output V02 bar 
from the Og sensor 6 to "O", and as a result, for converting the output V02/0UT from the sensor 6 to the target 
value V02/TARGET. i.e., a target value for the difference between the air-fuel ratio of the internal combustion engine 
1 and the reference value FLAF/BASE. 

[0191] The above process is a calculating process (algorithm) for generating the demand differential air-fuel ratio 
usI in each control cycle by the sliding mode controller 27. 

[0192] As described above, the limiter 30 (see FIG. 3) in the target air-fuel ratio generator 28 of the exhaust-side 
control unit 7a limits the demand differential air-fuel ratio usI generated by the sliding mode controller 27 thereby to 
determine the command differential air-fuel ratio kcmd (normally .kcmd = usI). Then, the adder 31 adds the air-fuel ratio 
reference value FLAF/BASE to the determined command differential air-fuel ratio kcmd for thereby determining the 
target air-fuel ratio KCfsAD (= kcmd -k FLAF/BASE) to be given to the engine-skSe control unit 7b according to the 
following equation (28): 



[0193] In this embodiment, the limiter 30 sequentially variably sets up an allowable range for limiting the demand 
differential air-fuei ratio us! depending on the demand differential air-fuel ratio usI and the operating state of the internal 
combustion engine 1 . as described later on. 

[0194] In the present embodiment, furthermore, the air-fuel ratio reference value FLAF/BASE used as a reference 
for the demand differentia! air-fuel ratio usI and the command differential air-fuel ratio kcmd is sequentially variably 
established by the reference value setting unit 11 depending on the adaptive control law uadp which is an adaptive 
control law component of the demand differential air-fuel ratio usI generated by the sliding mode controller 27, as 
described later on. 

[0195] The general feedback controller 15 of the engine-side control unit 7b. particularly, the adaptive controller 18. 
will be described betow 

[0196] As shown in FIG. 1. the general feedback controller 15 effects a feedback control process to converge the 
output KACT (detected air-fuel ratio) from the LAF sensor 5 to the target air-fuel ratio KCf^D as described above. If 
such a feedback control process were carried out under the known PID control only, it would be difficult keep stable 
controllability against dynamic behavioral changes including changes in the operating conditions of the internal com- 
bustion engine 1 . characteristic changes due to aging of the internal combustion engine 1 . etc. 
[01 97] The adaptive controller 1 8 is a recursive-type controller which makes it possible to carry out a feedback control 
process while compensating for dynamic behavioral changes of the internal combustion engine 1. As shown in FIG. 
5, the adaptive controller 18 comprises a parameter adjuster 32 for establishing a plurality of adaptive parameters 
using the parameter adjusting law proposed by I. D. Landau, et al., and a manipulated variable calculator 33 for cal- 
culating the feedback manipulated variable KSTR using the established adaptive parameters. 

[0198] The parameter adjuster 32 will be described below. According to the parameter adjusting law proposed by I. 




(27) 



(27). 



KCMD(k) = kcmd(k) + FLAF/BASE 



(28) 
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D. Landau, et al.. when polynonnials ot the denonninator and the numerator of a transfer function B(Z'"')/A(Z"'') of a 
discrete-system object to be controlled are generally expressed respectively by equations (29). (30). given below, an 
adaptive parameter Q hat (j) (j indicates the number of a control cycle) established by the parameter adjuster 32 is 
represented by a vector (transposed vector) according to the equation (31 ) given below. An input C(j) to the parameter 

5 adjuster 32 is expressed by the equation (32) given below. In the present embodiment, it is assumed that the internal 
combustion engine 1 . which is an object to be controlled by the general feedback controller 15, is considered to be a 
plant of a first-order system having a dead time dp corresponding to three control cyc}es (a time corresponding to three 
combustion cycles of the internal combustion engine 1), and m = n = 1. dp = 3 in the equations (29) - (32). and five 
adaptive parameters Sq, r,. r3. bo are established (see FIG. 5). In the upper and middle expressions of the equation 

10 (32). Ug, y^ generally represent an input (manipulated variable) to the object to be controlled and an output (controlled 
variable) from the object to be controlled. In the present embodiment, the input is the feedback mar\ipu\a\ed variable 
KSTR and the output from the object (the internal combustbn engine 1) is the output KACT (detected air-fuel ratio) 
from the LAF sensor 5, and the input ^(j) to the parameter adjuster 32 is expressed by the lower expression of the 
equation (32) (see FIG. 5). 

IS 

A(Z'^ ) = 1 + alZ'^ + ... + anZ" (29) 
20 B(Z"^ ) 1^ bO + blZ"^ + + bmZ "" (30) 



30 



35 



40 



45 



= [ KSTR{j\ KSTRU - 1). KSTR{j - 2), KSTR{j - 3), KACT(J)] < 3 2 ) 

[0199] The adaptive parameter G hat expressed by the equation (31 ) is made up ot a scalar quantity element hat 
(Z-\j) for determining the gain of the adaptive controller 18. a control element Bp, hat (Z•^i) expressed using a manip- 
ulated variable, and a control element S hat (Z^'.j) expressed using a controlled variable, which are expressed respec- 
tively by the following equations (33) — (35) (see the block of the manipulated variable calculator 33 shown in FIG. 5): 

bo\j) = ^ i- (33) 
^0 



so = r^Z~' + r^Z'' + r^Z'^ 



(34) 



S(Z-\j) = s„ +s,Z-* + 



(35) 
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[O2O0] The parameter adjuster 32 establishes coefficients of the scalar quantity element and the control elements, 
described above, and supplies them as the adaptive parameter 0 hat expressed by the equation (31 ) to the manipulated 
variable calculator 33. The parameter adjuster 32 calculates the adaptive parameter 6 hat so that the output KACT 
from the LAF sensor 5 will agree with the target air-tuel ratio KCMD, using time-series data o1 the feedback manipulated 
variable KSTR from the present to the past and the output KACT 

[0201] Specifically, the parameter adjuster 32 calculates the adaptive parameter 9 hat according to the following 
equation (36): 

m = e(/- 1) + r(/- d^ye^U) (36) 

where r(j) represents a gain matrix (whose degree is indicated by m+n+dp) for determining a rate of establishing the 
adaptive parameter 8 hat, and e*(j) an estimated error of the adaptive parameter G hat. r(j) and e*(j) are expressed 
respectively by the following recursive formulas (37). (38): 

where 0 < a, (j) < 1 , 0 < /.2ii) < 2. r(0) > O. 

D{Z ' )• KACTUye ■ 1 - d ) 
e'ii) = = 2_ (38) 

1 + C (/"-Cp) ro-iK(y-Cp) 

where D(Z'^ ) represents an asymptotically stable polynomial lor adjusting the convergence. In the present embodiment, 

D(Z-i) = 1. 

[0202] Various specific algorithms including the degressive gain algorithm, the variable gain algorithm, the fixed trace 
algorithm, and the fixed gain algorithm are obtained depending on how A-,(j), \2i]) in the equation (37) are selected. 
For a time-dependent plant such as a fuel injection process, an air-fuel ratio, or the like of the internal combustion 
engine 1 , either one of the degressive gain algorithm, the variable gain algorithm, the fixed gain algorithm, and the 
fixed trace algorithm is suitable. 

[0203] Using the adaptive parameter e hat (Sq. . bg) established by the parameter adjuster 32 and the target 
air-fuel ratio KCMD calculated by the exhaust-side control unit 7a, the manipulated variable calculator 33 determines 
the feedback manipulated variable KSTR according to a recursive formula expressed by the following equation (39): 



KCI^D(j)- Sq . KACT(j) - r,.KSTR(j - 1 ) - r2 KSTR(j - 2) - ra-KSTRQ - 3) 

KSTR = . 

bo 



(39) 



The manipulated variable calculator 33 shown in FIG. 5 represents a block diagram of the calculations according to 
the equation (39). 

[0204] The feedback manipulated variable KSTR determined according to the equation (39) becomes the target air- 
fuel ratio KCMD insofar as the output KACT of the LAF sensor 5 agrees with the target air-tuel ratio KCMD. Therefore, 
the feedback manipulated variable KSTR is divided by the target air-fuel ratio KCMD by the divider 19 for thereby 
determining the feedback manipulated variable kstr that can be used as the feedback correction coefficient KFB. 
[0205] As is apparent from the foregoing description, the adaptive controller 18 thus constructed is a recursive -type 
controller taking into account dynamic behavioral changes of the internal combustion engine 1 which is an object to 
be controlled. Stated otherwise, the adaptive controller 18 is a controller described in a recursive form to compensate 
for dynamic behavioral changes of the internal combustion engine 1 , and more particularly a controller having a recur- 
sive-type adaptive parameter adjusting mechanism. 

[0206] A recursive-type controller of this type may be constructed using an optimum regulator. In such a case, how- 
ever, it generally has no parameter adjusting mechanism. The adaptive controller 18 constructed as described above 
is suitable for compensating for dynamic behavioral changes of the internal combustion engine 1. 
[0207] The details of the adaptive controller 18 have been described above. 
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[0208] The P!D controller 17. which is provided together with the adaptive controller 18 in the general feedback 
controller 20. calculates a proportional term (P term), an integral term (I term), and a derivative term (D term) Irom the 
difference between the output KACT of the LAF sensor 5 and the target air-fuel ratio KCMD, and calculates the total 
of those terms as the feedback manipulated variable KLAF, as is the case with the general PID control process. In the 

5 present embodiment, the feedback manipulated variable KLAF is set to "1 " when the output KACT of the LAF sensor 
5 agrees with the target air-fuel ratio KCMD by setting an initial value of the integral term (I term) to "1", so that the 
feedback manipulated variable KLAF can be used as the feedback correction coefficient KFB for directly correcting 
the fuel injection quantity The gains of the proportional term, the integral term, and the derivative term are determined 
from the rotational speed and intake pressure of the internal combustion engine 1 using a predetermined map. 

10 [0209] The swucher 20 of the general feedback controller 15 outputs the feedback manipulated variable KLAF de- 
termined by the PID controller 17 as the feedback correction coefficient KFB for correcting the fuel injection quantity 
if the combustion in the internal combustion engine 1 tends to be unstable as when the temperature of the coolant of 
the internal combustion engine 1 is low. the internal combustion engine 1 rotates at high speeds, or the intake pressure 
is low. or if the oulpul KACT of the LAF sensor 5 is not reliable due to a response delay of the LAF sensor 5 as when 

'5 the target air-fuel ralio KCMD changes largely or immediately after the air-fuel ratio feedback control process has 
started, or if the intcrn^il combustion engine 1 operates highly stably as when it is idling and hence no high-gain control 
process by the adapiivc controller i h is required. OthenA/ise. the switcher 20 outputs the feedback manipulated variable 
kstr which is proouccd by dividing iho loedback manipulated variable KSTR determined by the adaptive controller 18 

; by the target air-luci f.ii»o KG vr.- ir c iDodback correction coefficient KFB for correcting the fuel injection quantity. 

20 This is because ihe nu i;jiivc Jr oflecls a high-gain control process and functions to converge the oulpul 

KACT of the LAF ^cit....- . » ' - t nget air-fuel ratio KCMD. and if the feedback manipulated variable KSTR 
determined by the adnpirvo coui^ici ic »j> used when the combustion in the internal combustk>n engine 1 is unstable 
or the output KACT of f^c LA' »cn»o« S r» oot reliable, then the air-fuel ratk> control process tends to be unstable. 
[0210] Such operatKx^ o» if>c sii^icnof rc »s disclosed in detail in Japanese laid-open patent publication No, 8-105345 

^5 and U.S. patent No. 5 SSc 07S ^tna w»4i r^zA be described in detail below. 
[0211] Operation o( tho pL^t conuoi vytiom will be described below. 

[0212] First, a process c««rf toe oct t>/ tr o ongine-side control unit 7b, of calculating an output fuel injection quantity 
#nTout (n = 1, 2» 3, 4) tot o*«cn c4 tr^o cybrxjcrs of the internal combustion engine 1 for controlling the air-fuel ratio of 
the internal combustion oor)irw> i r>o rv»<;cribed below with reference to FIG. 6. The engine-side control unit 7b 
30 calculates an output fuel njocion qjv^ntity «nTout (n = 1, 2, 3. 4) for each of the cylinders in synchronism with a 
crankshaft angle period ol ttie m.cfn^i ccxnoustion engine 1 as follows: 

[0213] In FIG. 7. the engino sKJc coniro unit 7b reads outputs from various sensors including the LAF sensor 5 and 
the O2 sensor 6 in STEPa At :nis l»mc the output KACT of the LAF sensor 5 and the output V02/0UT of the sensor 
6, including data obtained w\ the p^ist are stored )n a time-series fashion in a memory (not shown). 

35 [0214] Then, the basic fuel in|cction quantity calculator 8 corrects a fuel injection quantity corresponding to the ro- 
tational speed NE and intake pressure PB of the internal combustion engine 1 depending on the effective opening area 
of the throttle valve, thereby caicuiriiing a basic fuel injection quantity Tim in STEPb. The first correction coefficient 
calculator 9 calculates a first corrociior coefficient KTOTAL depending on the coolant temperature and the amount by 
which the canister is purged m STEPc 

40 [0215] The engine control unit 7t determines an operation mode of the internal combustion engine 1, and sets a 
value of a flag f/prism/on which rcprosonis whether the target air-fuel ratio KCMD generated by the target air-fuel ratio 
generator 28 of the exhaust-sjdo control unit 7a is to be used to manipulate the air-fuel ratio of the internal combustion 
engine 1 or not in STEPd. 

[0216] Operation modes ol the internal combustion engine 1 , specifically modes of manipulating the air-fuel ratio of 
45 the internal combustion engine 1. include an operation mode in w^ich the engine-side control unit 7b uses the target 
air-fuel ratio KCMD generated by the target air-fuel ratio generator 28 (which is basically a target air-fuel ratio for 
converging the output signal V02/0UT from the sensor 6 to the target value V02ArARGET). and manipulates the 
air-fuel ratio of the internal combuslion engine 1 (i.e.. adjust the fuel injection quantity of the internal combustion engine 
1) in order to the output signal KACT of the LAF sensor (detected air-fuel ratio) to the target air-fuel ratio KCMD: and 
50 an operation mode in which the engine-side control unit 7b manipulates the air-fuel ratio of the internal combustion 
engine 1 (i.e.. adjust the fuel injection quantity of the internal combustion engine 1). without using the target air-fuel 
ratio KCMD generated by the target air-fuel ratio generator 28. 

[021 7] The former operation mode is a normal operation mode while the internal combustion engine 1 is in operation 
(hereinaft r referred to as a "normal operation mode"). The latter operation mode represents a plurality of operation 
5s modes including an operation mode in which the fuel supplied to the internal combustion engine 1 is cut off (stopped), 
an operation mode in which the throttle valve (not shown) of the internal combustion engine 1 is fully open, and an 
operation mode in which the air-fuel ratio of the internal combustion engine 1 is manipulated to generate a lean air- 
fuel mixture (lean operation mode). 
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[0218] The deciding process of STEPd is a process ot determining whether the internal combustion engine 1 is in 
the normal operation mode or not, i.e.. whether the engine-side control unit 7b is to manipulate the air-fuel ratio of the 
internal combustion engine 1 using the target air-fuel ratio KCMD generated by the target air-fuel ratio generator 28. 
or not. When the value of the flag f/prism/on is "0", it means that the target air-fuel ratio KCMD generated by the target 

5 air-tuel ratio generator 28 is not to be used (the internal combustion engine 1 is not in the normal operation mode), 
and when the value of the flag f/prism/on is '1". it means that the target air-fuel ratio KCMD generated by the target 
air-fuel ratio generator 28 is to be used (the internal combustion engine 1 is in the normal operation mode). 
[0219] The deciding subroutine of STEPd is shown in detail in FIG. 7. As shown in FIG. 7. the engine-side control 
unit 7b decides whether the O2 sensor 6 and the LAF sensor 5 are activated or not respectively in STEPd-1 . STEPd- 

10 2. If neither one of the sensor 6 and the LAF sensor 5 is activated, since detected data from the O2 sensor 6 and 
the LAF sensor 5 for use by the target air-fuel ratio generator 28 are not accurate enough, the target air-fuel ratio 
generator 28 cannot generate an appropriate target air-fuel ratio. Therefore, since the internal combustion engine 1 
cannot operate in the normal operation mode, the value ot the flag f/prism/on is set to "0" in STEPd-lO. 
[0220] Then, the engine-side control unit 7b decides whether the internal combustion engine 1 is operating with a 

^5 lean air-fuel mixture or not in STEPd-3. The engine control unit 7b decides whether the ignition timing of the internal 
combustion engine 1 is retarded tor early activation of the catalytic converter 3 immediately after the start of the internal 
combustion engine 1 or not in STEPd-4. The engine control unit 7b decides whether the throttle valve 0I the internal 
combustion engine 1 is fully open or not in STEPd-5. The engine control unit 7b decides whether the supply of fuel to 
the internal combustion engine 1 is being stopped or not in STEPd-6. If either one ot the conditions of these steps is 

20 satisfied (YES), then since the internal combustion engine 1 is not in the normal operation mode, the value of the flag 
t/prisnrVon is set to "0" in STEPd-10. 

[0221] The engine-side control unit 7b then decides whether the rotational speed NE and the intake pressure PB of 
the internal combustion engine 1 fall within respective given ranges (normal ranges) or not respectively in STEPd-7, 
STEPd-8. If either one of the rotational speed NE and the intake pressure PB does not fall within its given range, then 

2S since it is not preferable to control the air-fuel ratio of the interr^al combustion engine 1 using the target air-fuel ratio 
KCMD generated by the target air-fuel ratio generator 28, the value of the flag f/prism/on is set to "0" in STEPd-10. 
[0222] If the conditions of STEPd-1, STEPd-2, STEPd-7, STEPd-8 are satisfied, and the conditions of STEPd-3, 
STEPd-4, STEPd-5, STEPd-6 are not satisfied (normal), then the engine-side control unit 7b determines that the in- 
ternal combustion engine 1 is in the normal operation mode in which the target air-tuel ratio KCf^D generated by the 

30 target air-fuel ratio generator 28 is used to manipulate the air-fuel ratio of the internal combustion engine 1. and sets 
the value of the flag f/prism/on to "1" in STEPd-9. 

[0223] After the value of the flag f/prism/on is set to •0" in STEPd-10. the engine-side control unit 7b sets, to a given 
initial value TMSTB, a timer counter tm/stb (count-down timer) for measuring an elapsed time from the time when the 
value of the flag f/prism/on changes from "0" to "1 i.e., an elapsed time after the air-fuel ratio of the internal combustion 

55 engine 1 starts being manipulated according to the target air-fuel ratio KCMD generated by the target air-fuel ratio 
generator 28, i.e.. the control process for converging the output signal V02/0UT of the O2 sensor 6 to the target value 
V02/TARGET has started to be carried out. and activates the timer counter tm/stb in STEPd-11 . The count of the timer 
counter tm/stb is counted down at a constant period (longer than the period of control cycles of the exhaust-side control 
unit 7a). The initial value TMSTB corresponds to a period in which to inhibit the decision as to the stability of the sliding 

40 mode controller 27. 

[0224] In FIG. 6, after the value of the flag f/prisnn/on has been set. the engine-side control unit 7b determines the 
value of the flag f/prism/on in STEPe. If f/prism/on = T then the engine-side control unit 7b reads the latest target air- 
fuel ratio KCMD generated by the target air-fuel ratio generator 28 in STEPf. If f/prism/on = 0, then the engine-side 
control unit 7b sets the target air-fuel ratio KCMD to a predetermined value in STEPg. The predetermined value to be 

45 established as the target air-luel ratio KCMD is determined from the rotational speed NE and intake pressure PB ol 
the internal combustion engine 1 using a predetermined map, for example. Particularly when the engine 1 is in the 
lean operation mode, the target air-fuel ratio KCMD set in STEPg is an air-fuel ratio in a lean range. 
[0225] In the local feedback controller 16. the PID controllers 22 calculates respective feedback correction coeffi- 
cients #nKLAF in order to eliminate variations between the cylinders, based on actual air-fuel ratios #nA/F of the 

so respective cylinders which have been estimated from the output KACT of the LAF sensor 5 by the observer 21, in 
STEPh. Then, the general feedback controller 15 calculates a feedback correction coeflicient KFB in STEPi. 
[0226] Depending on the operating conditions of the internal combustion engine 1 , the switcher 20 selects either the 
feedback manipulated variable KLAF determined by the PID controller 17 or the feedback manipulated variable kstr 
which has been produced by dividing the feedback manipulated variable KSTR determined by the adaptive controller 

55 18 by the target air-fuel ratio KCMD (normally, the switcher 20 selects the feedback manipulated variable kstr). The 
switcher 20 then outputs the selected feedback manipulated variable KLAF or kstr as a feedback correction coefficient 
KFB. 

[0227] When switching the feedback correction coefficient KFB from the feedback manipulated variable KLAF from 
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the PID controller 17 to the feedback manipulated variable kstrfrom the adaptive controller 18. the adaptive controller 
18 deternrt'mes a feedback manipulated variable KSTR in a manner lo hold the correction coefficient KFB to the pre- 
ceding correction coefficient KFB (= KLAF) as long as in the cycle time for the switching. When switching the feedback 
correction coefficient KFB from the feedback manipulated variable kstr from the adaptive controller 18 to the feedback 
s manipulated variable KLAF from the PID controller 1 7, the PID controller 17 calculates a present correction coefficient 
KLAF rn a manner to regard the feedback manipulated variable KLAF determined by itself in the preceding cycle time 
as the preceding correction coefficient KFB (= kstr). 

[0228] After the feedback correction coefficient KFB has been calculated, the second correction coefficient calculator 
1 0 calculates in STEPj a second correction coefficient KCMDM depending on the target air-fuel ratio KCIS^D determined 
^0 in STEPf orSTEPg. 

[0229] Then, the engine-side control unit 7b multiplies the basic fuel injection quantity Tim. determined as described 
above, by the first correction coefficient KTOTAL, the second correction coefficient KC?\^DM. the feedback correction 
coefficient KFB. and the feedback correction coefficients #nKLAF of the respective cylinders, determining output fuel 
injection quantities #nTout of the respective cylinders in STEPk. The output fuel injection quantities #nTout are then 
16 corrected for accumulated fuel particles on intake pipe walls of the internal combustion engine 1 by the fuel accumulation 
corrector 23 in STEPm. The corrected output fuel injection quantities #nTout are applied to the non- illustrated fuel 
injectors of the internal combustion engine 1 in STEPn. 

[0230] In the internal combustion engine 1 . the fuel injectors inject fuel into the respective cylinders according to the 
respective output fuel injection quantities #nToul. 

20 [0231] The above calculation of the output fuel injection quantities #nTout and Ihe fuel injection of the iniernal com- 
bustion engine 1 are carried out in successive cycle times synchronous with the crankshaft angle period of the internal 
combustion engine 1 for controlling the air-fuel ratio of the internal combustion engine 1 in order to converge the output 
KACT of the LAP sensor 5 (the detected air-fuel ratio) to the target air-fuel ratio KCMD. While the feedback manipulated 
variable kstr from the adaptive controHer 18 is being used as the feedback correction coefficient KFB. the output KACT 

2S of the LAF sensor 5 is quickly converged to the target air-fuel ratk> KCMD with high stability against behavioral changes 
such as changes in the operating conditions of the internal combustion engine 1 or characteristic changes thereof. A 
response delay of the internal combustion engine 1 is also appropriately compensated for. 

[0232] Concurrent with the above air-fuel ratio manipulation for the internal combustion engine 1 . the target air-fuel 
ratio generator 28 of the exhaust-side control unit 7a executes a main routine shown in FIG. 8 in control cycles of a 
30 constant period. 

[0233] As shown in FIG. 8. the target air-fuel ratio generator 28 decides whether its own processing (the processing 
of the identifier 25. the estimator 26. the sliding mode controller 27, and the limiter 30) is to be executed or not. and 
sets a value of a flag fyprism/cal indicative of whether the processing is to be executed or not in STEPI. When the 
value of the flag f/prism/cal is "0", it means that the processing of the target air-fuel ratio generator 28 is not to be 
35 executed, and when the value of the flag f/prism/cal is "1", it means that the processing of the target air-fuel ratio 
generator 28 is to be executed. 

[0234] The deciding subroutine in STEP1 is shown in detail in FIG. 9. As shown in FIG. 9. the target air-fuel ratio 
generator 28 decides whether the O2 sensor 6 and the LAF sensor 5 are activated or not respectively in STEP1-1, 
STEPI -2. If neither one of the O2 sensor 6 and the LAF sensor 5 is activated, since detected data from the sensor 

40 6 and the LAF sensor 5 for use by the target air-fuel ratio generator 28 are not accurate enough, the value of the flag 
f/prism/cal is set to "0* in STEPI -6. Then, in order to initialize the identifier 25 as described later on. the value of a flag 
f/id/reset indicative of whether the identifier 25 is to be initialized or not is set to "1 ' in STEPI -7. When the value of the 
flag f/id/reset is "1 it means that the identifier 25 is to be initialized, and when the value of the flag f/id/reset is "0", it 
means that the identifier 25 is not to be initialized. 

45 [0235] The target air-fuel ratio generator 28 decides whether the internal combustion engine 1 is operating with a 
lean air-fuel mixture or not in STEP 1 -3. The target air-fuel ratio generator 28 decides whether the ignition timing of the 
internal combustion engine 1 is retarded tor early activation of the catalytic converter 3 immediately after the start of 
the internal combustion engine 1 or not in STEP1-4. W the conditions ol these steps are satisfied, then since the target 
air-fuel ratio KCfwtD calculated to converge the output V02/0UT of the sensor 6 to the target value V02/TARGET 

so is not used for the fuel control for the internal combustion engine 1, the value of the flag f/prism/cal is set to '0" in 
STEPI -6, and the value of the flag f/id/reset is set to "1" in order to initialize the identifier 25 in STEPI -7. 
[0236] If the conditions of STEPI -1 . STEPI -2 are satisfied, andthe conditionsof STEPI -3, STEPI -4 are not satisfied, 
then the value of the flag f/prism/cal is set to "1 " in STEP1 -5. 

[0237] In FIG. 8, after the above deciding subroutine: the target air-fuel ratio generator 28 decides whether a process 
55 of identifying (updating) the gain coefficients a1 . a1, b1 with the identifier 25 is to be executed or not, and sets a value 
of a flag f/id/cal indicative of whether the process of identifying (updating) the gain coefficients a1, a1, b1 is to be 
executed or not in STEP2. 

[0238] In STEP2. the target air-fuel ratio generator 28 decides whether the throttle vaK/e of the internal combustion 
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engine 1 is substantially fully open or not. and whether the supply of fuel to the internal combustion engine 1 is being 
stopped or not. If either one of the conditions of these steps is satisfied, then since it is difficult to identify the gain 
coefficients a1.a1.b1 appropriately, the value of the flag f/id/cal is set to "O". If neither one of the conditions of these 
steps is satisfied, then the value of the flag f/id/cal is set to "1 " to identify (update) the gain coefficients a1. a2. b1 with 

the identifier 25. 

[0239] Reterring back to FIG. 8. the target air-fuel ratio generator 28 calculates the latest differential outputs kact(k) 
(= KACT - FLAF/BASE), V02(k) (= V02/0UT - V02A^ARGET) respectively Uom the subtracters 12. 13 in STEP3. 
Specifically, the subtractors 12. 13 select latest ones of the time-series data read and stored in the non-illustrated 
memory in STEPa shown m FIG. 6. and calculate the differential outputs kact(k), V02(k). The air-fuel ratio reference 
value FLAF/BASE required to calculate the differential output kacl(k) is of a latest nature set by the reference value 
setting unit 11 as described later on. The data of the differential outputs kact(k). V02(k), as well as the data thereof 
calculated in the past, are stored in a time-series manner in a memory (not shown) in the exhaust -side control unit 7a. 
[0240] Then, in STE P4. the target air-fuel ratio generator 28 determines the value of the flag f/prism/cal set in STEP1 . 
If the value of the flag f/prism/cal is "0", i.e. . if the processing of the target air-fuel ratio generator 28 is not to be executed, 
then the target air-fuci ratio generator 28 forcibly sets the command differential air-fuel ratio kcmd for determining the 
target air-fuel ratio KCMD to a predelermined value in STEP1 3. The predetermined value may be a fixed value (e.g., 
"0") or the value ol the command dinorentjal air-fuel ratio kcmd determined in a preceding control cycle. After the 
command differential h«-IucI ratio Kcmd is set to the predetermined value in STEP13. the adder 31 adds the air-luel 
ratio reference value Fl AF 8ASE ithc utcsi one set by the reference value setting unit 11) to the command difierentiat 
air-fuel ratio kcmd fci ific^cOy uoidntT inc n largel air-fuel ratio KCMD in the present control cycle in STEP 11. Then, 
the reference value bctjf' ; uti-? ^^ wi- uul a process of setting the air-fuel ratio reference value FLAF/BASE, as 
described later on, in STE^tr rtfic« wfucn tre processing in the present control cycle is finished. 
[0241] If the value of mc fWig 1 pfivn c^ is 'I' in STEP4, i.e., if the processing of the target air-fuel ratio generator 
28 is to be executed, then the Lrpcc an luol ratio generator 28 effects the processing ol the identifier 25 in STEPS. 
[0242] The proccssirxj oubrouinc o* STEPS is shown in detail in FIG, 10. 

[0243] The identifier 26 doiormr>o£ no v^iue of the flag f/id/cal set in STEP2 in STEP5-1. If the value of the flag f/ 
id/cal is "0" (the throttle vnKo oi tnc iraofTVil combustion engine 1 is substantially fully open or the fuel supply of the 
internal combustion engmo i s tcriq cut oH) then since the process of identifying the gain coefficients a1 , a2, b1 with 
the identifier 25 is not c;^ff -ort r>»j' r.^ntroi immediately goes back to the main routine shown in FIG. 8. 
[0244] If the value of the fUg 'Kic^ i5i •f. then the identifier 25 determines the value of the flag f/id/reset set in 
STEP1 with respect to the rJiiiHli/^iiion cl ihe identifier 25 in STEP5-2, If the value of the flag f/id/resel is M", the 
identifier 25 is initialized in STEPS-o When the identifier 25 is initialized, the identified gain coefficients a1 hat: a2 hat. 
b1 hat are set to predetermnod mitnl vnljes (the identified gain coefficient vector 0 according to the equation (4) is 
initialized), and the elements ol mo ovitrot P (diagonal matrix) according to the equation (9) are set to predetermined 
initial values. The value ol the fi^g t^id/icsct is reset to "0". 

[0245] Then, the identifier 25 c^»cjIh:cs the identified differential output V02(k) hat from exhaust system model (see 
the equation (3)) which is expressed using the present identified gain coefficients a1 (k-1) hat, a2(k-1) hat, bl(k-1 ) hat, 
according to the equation (3) or ihc ocuH!ion (6) equivalent thereto, using the past data V02(k-l). V02(k-2), kact(k- 
d-1) of the differential outputs V02 kaci calculated in each control cycle in STEP3, and the identified gain coefficients 
a1(k-1)hat. a2(k-1)hat, b1(k-l)nat m STEP5-4. 

[0246] The identifier 25 then calculates the vector Ke(k) to be used in determining the new identified gain coefficients 
a1 hat. a2 hat. b1 hat according to the equation (9) in STEPS-5. Thereafter, the identifier 25 calculates the identified 
error id/e, i.e., the difference between the identified differential output V02 hat from, the sensor 6 in the exhaust 
system model and the actual differential output V02 (see the equation (7)), in STEP5-6. 

[0247] The identified error id/e obtained in STEP 5-6 may basically be calculated according to the equation (7). In 
the present embodiment, however, a value (= V02 - V02 hat) calculated according to the equation (7) from the differ- 
ential output V02 acquired in each control cycle in STEP3 (see FIG. 8), and the identified differential output V02 hat 
calculated in each control cycle in STEP5-4 is filtered with low-pass characteristics to calculate the identified error id/e. 
[0248] This is because since the object exhaust system E including the catalytic converter 3 generally has low-pass 
characteristics, it is preferable to attach importance to the low-frequency behavior of the object exhaust system E in 
appropriately identifying the gain coefficients a1, a2, b1 of the exhaust system model. 

[0249] Both the differential output V02 and the identified differential output V02 hat may be filtered with the same 
low-pass characteristics. For example, after the differential output V02 and the identified differential output V02 hat 
have separately been filtered, the equation (7) may be calculated to determine the identified error id/e. The above 
filtering is carried out by a moving average process which is a digital filtering process, for example. 
[0250] After the identifier 25 has calculated the identified error id/e, the identifier 25 calculates a new identified gain 
coefficient vector 0(k). i.e.. new identified gain coefficients a1(k) hat, a2(k) hat, b1(k) hat, according to the equation 
(8) using the identified error id/e and KB calculated in SETP5-5 in STEPS-7. 



30 



EP1 010 882 A2 



[0251] After having calculated the new identified gain coefficients a1(k) hat. a2(k) hat. b1(k) hat. the identifier 25 
further limits the values ot the gain coefficients a1 hat, a2 hat, b1 hat (elements of the identified gain coefficient vector 
(')). are limited to meet predetermined conditions in STEP5-8. 

[0252] The predetermined conditions for limiting the values of the identified gain coefficients a1 hat, a2 hat. b1 hat 
5 include a condition (hereinafter referred to as a "first limiting condition") for limiting combinations of the values of the 
identified gain coefficients a1 hat, a2 hat relative to a predetermined combination, and a condition (hereinafter referred 
to as a "second limiting condition') for limiting the value of the identified gain coefficient b1 hat. 
[0253] Prior to describing the first and second limiting conditions and the specific processing details of STEP5-8, the 
rcHsons tor limiting the values of the identified gain coefficients a1 hat, a2 hat, b1 hat will be described below. 
10 |02S4] The inventors of the present invention have found that if the values of the identified gain coefficients a1 hat, 
a2 hHt bl hat are not particularly limited, while the output signal V02/0UT of the P2 sensor 6 is being stably controlled 
at the target value V02/TARGET, there are developed a situation in which the demand differential air-fuel ratio usi 
delormined by the sliding mode controller 27 and the target air-fuel ratio KCMD change smoothly with time, and a 
siluaiion in which the demand differential air-fuel ratio usI and the target air-fuel ratio KCMD oscillate with time at a 
IS high frequency. Neither of these situations poses problems in controlling the output V02/0UT of the sensor 6 at 
the target value V02/TARGET However, the situation in which the target air-fuel ratio KCMD oscillates with time at a 
high frequency is not preferable in. smoothly operating the internal combustion engine 1. 

[0255] A study of the above phenomenon by the inventors has shown that whether the demand differential air-fuel 
rnito usi and the target air-fuel ratio KCMD change smoothly or oscillate at a high frequency is affected by the combi- 
ne nriiio'ib of the values of Ihe identified gain coefficients a1 hat, a2 hat identified by the identifier 25 and the value of the 
lU-'fUiticO g^ln coefficient bl hat. 

[0256] In the present embodiment, the first and second limiting conditions are established appropriately and the 
combinations of the values of the identified gain coefficients a1 hat. a2 hat and the value of the identified gain coefficient 
bl hat are appropriately limited to eliminate the situation in which the target air-fuel ratio KCMD oscillates at a high 
2S frequency 

[0257] According to the present embodiment, the first and second limiting conditions are established as follows: 
[0258] With respect to the first limiting condition for limiting the values of the identified gain coefficients a1 hat. a2 
hat. the study by the inventors indicates that obtaining the demand differential air-fuel ratio usI and the target air-fuel 
ratio KCMD is closely related to combinations of the coefficient values a1, a2 in the equations (12) - (14) which are 
30 determined by the values of the gain coefficients a1, a2. i e.. the coefficient values a1. a2 used for the estimator 26 to 
determine the estimated differential output V02(k+d) bar (the coefficient values a1. q2 are the first-row, first-column 
element and the first-row. second-column element of the matrix A*^ which is a power of the matrix A defined by the 
equation (12)). 

[0259] Specifically, as shown in FIG. 11. when a coordinate plane whose coordinate components are represented 
3S by the coefficient values al . a2 is established, if a point on the coordinate plane which is determined by a combination 
of the coefficient values al, a2 lies in a hatched range, which is surrounded by a triangle Q1Q2O3 (including the 
boundaries) and will hereinafter be referred to as an "estimating coefficient stable range", then the demand differential 
air-fuel ratio usI and the target air-fuel ratio KCMD tend to be smooth. 

[0260] Therefore, the combinations of the values of the gain coefficients al , a2 identified by the identifier 25, i.e., 
40 the combinations of the values of the identified gain coefficients al hat, a2 hat, should be limited such that the point 
on the coordinate plane shown in FIG. 11 which corresponds to the combination of the coefficient values al. a2 de- 
termined by the values of the gain coefficients a1 , a2 or the values of the identified gain coefficients a1 hat, a2 hat will 
lie within the estimating coefficient stable range, 

[0261] In FIG. 11 , a triangular range 0403 on the coordinate plane which contains the estimating coefficient stable 
^5 range is a range that determines combinations of the coefficient values al, a2 which makes theoretically stable a 
system defined according to the following equation (40). i.e., a system defined by an equation similar to the equation 
(12) except that V02(k). V02(k-1) on the right side of the equation (12) are replaced respectively with V02(k) bar, V02 
(k-1) bar (V02(k) bar. V02(k-1) bar mean respectively an estimated differential output determined in each control cycle 
by the estimator 26 and an estimated differential output determined in a preceding cycle by the estimator 26). 

so 

d 

V02(k + d) = al - V02(k) -4- a2 • V02(k - l ) + /}, • kcmd(k - j) ^ 4 q j 

1-1 

5S [0262] The condition for the system defined according to the equation (40) to be stable is that a pole of the system 
(which is given by the following equation (41)) exists in a unit circle on a complex plane: 
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Pole of the system according to the equation (40) 
a^±Ja^^ +4.a2 



41) 



[0283] The triangular range 0^0403 shown in FIG. 11 is a range for determining the combinations of the coefficient 
values a1 , 2a which satisfy the above condition. Therefore, the estimating coefficient stable range is a range indicative 
of those combinations where a1 > 0 of the combinations of the coefficient values a1 , a2 which make stable the system 

10 defined by the equation (40). 

[0264] Since the coefficient values a1 . a2 are determined by a combination of the values of the gain coefficients a1 , 
a2, a combination of the values of the gain coefficients al, a2 is determined by a combination of the coefficient values 
ai , a2. Therefore, the estimating coefficient stable range shown in FIG. 11 which determines preferable combinations 
of the coefficient values a1 . a2 can be converted into a range on a coordinate plane shown in Fl G . 12 whose coordinate 

15 components are represented by the gain coefficients al , a2. Specifically, the estimating coefficient stable range shown 
in FIG. 11 is converted intoa range enclosed by the imaginary lines in FIG. 12, which is a substantially triangular range 
having an undulating lower side and will hereinafter be referred to as an "identifying coefficient stable range", on the 
coordinate plane shown in FIG. l2. Stated othenvise. when a point on the coordinate plane shown in FIG. 12 which is 
determined by a combination of the values of the gain coefficients al, a2 resides in the identifying coefficient stable 

20 range, a point on the coordinate plane shown in FIG. 11 which corresponds lo the combination of the coefficient values 
al, 0.2 determined by those values of the gain coefficients al . a2 resides In the estimating coefficient stable range. 
[0285] Consequently, the first limiting condition for limiting the values of the identified gain coefficients al hat, a2 hat 
determined by the identifier 25 should preferably be basicaify established such that a point on the coordinate plane 
shown in FIG. 12 which is determined by those values of the identified gain coefficients al hat, a2 hat reside in the 

2S identifying coefficient stable range. 

[0266] However, since a boundary (lower side) of the identifying coefficient stable range indicated by the imaginary 
lines in FIG. 12 is of a complex undulating shape, a practical process for limiting the point on the coordinate plane 
shown in FIG. 12 which is determined by the values of the identified gain coefficients al hat. a2 hat is liable to be 
complex. 

30 [0267] For this reason, according to the present embodiment, the identifying coefficient stable range is substantially 
approximated by a quadrangular range 050^0703 enclosed by the solid lines in FIG. 12, which has straight boundaries 
and will hereinafter be referred to as an "identifying coefficient limiting range*. As shown in FIG. 12. the identifying 
coefficient limiting range is a range enclosed by a polygonal line (including line segments Q^Q^ and QsQa) expressed 
by afunctional expression lall + a2 = 1 . a straight line (including a line segment QqQ^) expressed by a constant-valued 

35 functional expression al = AIL (AIL: constant), and a straight line (including a line segment OjQq) expressed by a 
constant-valued functional expression a2 = A2L (A2L: constant). The first limiting condition for limiting the values of 
the identified gain coefficients al hat, a2 hat is established such that the point on the coordinate plane shown in FIG. 
1 5 which is determined by those values of the identified gain coefficients al hat, a2 hat lies in the identifying coefficient 
limiting range. Although part of the lower side of the identifying coefficient limiting rangie deviates from the identifying 

40 coetficienl stable range, it has experimentally been confirmed that the point determined by the identified gain coefficients 
al hat. a2 hat determined by the identifier 25 does not actually fall in the deviating range. Therefore, the deviating 
range will not pose any practical problem. 

[0268] The above identifying coefficient limiting range is given for illustrative purpose only, and may be equal to or 
may substantially approximate the identifying coefficient stable range, or may be of any shape insofar as most or all 

45 of the identifying coefficient limiting range belongs lo the identifying coefficient stable range. Thus, the identifying co- 
etlicienl limiting range may be established in various configurations in view of the ease with which lo limit the values 
of the identified gain coefficients al hat, a2 hat and the practical controllability. 

[0269] For example, while the boundary of an upper portion of the identifying coefficient limiting range is defined by 
the lunctional expression Ia1 1 + a2 =: 1 in the illustrated embodiment, combinations of the values of the gain coefficients 

so al , a2 which satisfy this functional expression are combinations of theoretical stable limits where a pole of the system 
defined by the equation (41) exists on a unit circle on a complex plane. Therefore, the boundary of the upper portion 
0I the identifying coefficient limiting range may be determined by a functional expression lall + a2 = r (r is a value 
slightly smaller than "1 * corresponding to the stable limits, e.g., 0.99) for higher control stability. 
[0270] The above identifying coefficient stable range shown in FIG. 12 as a basis for the identifying coefficient limiting 

ss range is given for illustrative purpose only. The identifying coefficient stable range which corresponds to the estimating 
coefficient stable range shown in FIG. 11 is affected by the dead time d (more precisely, its set value) and has its shape 
varied depending on the dead time d, as can be seen from the definition of the coefficient values al, a2 (see the 
equation (12)). Irrespective of the shape of the identifying coefficient stable range, the identifying coefficient limiting 
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range may be established, as described above, in a manner to match the shape of the identifying coefficient stable 
range. 

[0271] in the present embodiment, the second limiting condition for limiting the value of the gain coefficient b1 iden- 
tified by the identifier 25. i.e., the value of the identified gain coefficient bl hat. is established as follows: 
[0272] The inventors have found that the situation in which the time-depending change of the target air-fuel ratio 
KCMD is oscillatory at a high frequency tends to happen also when the value of the identified gain coefficient bl hat 
is excessively large or small. According to the present embodiment, an upper limit value B1H and a lower limit value 
B1L (B1H > Bl L > 0) for the identified gain coefficient bl hat are determined in advance through experimentation or 
simulation. Then, the second limiting condition is established such that the identified gain coefficient bl hat is equal to 
or smaller than the upper limit value Bl H and equal to or greater than the lower limit value 61 L (Bl L < bl hat < Bl H). 
[0273] A process of limiting the values of the identified gain coefficients a1 hat, a2 hat, b1 hat according to the first 
and second limiting conditions is carried out by in STEPS-8 as follows: 

[0274] As shown in FIG. 13. the identifier 25 limits combinations of the identified gain coefficients al(k) hat, a2(k) 
hat determined in STEP5-7 shown in FIG. 1 0 according to the first limiting condition in STEP 5-8-1 through STEP5-8-3. 
[0275] Specifically, the identifier 25 decides whether or not the value of the identified gain coefficient a2(k) hat de- 
termined in STEP5-7 is equal to or greater than a lower limit value A2L (see FIG. 12) for the gain coefficient a2 in the 
identifying coefficient limiting range in STEP5-8-1. 

[0276] If the value of the identified gain coefficient a2(k) is smaller than A2L. then since a point on the coordinate 
plane shown in FIG. 12, which is expressed by (al(k) hat, a2(k) hat), determined by the combination of the values of 
the identified gain coefficients a 1(k) hal, a2(k) hal does not reside in the identifying coefficient limiting range, the value 
of a2(k) hat is forcibly changed to the lower limit value A2L in STEP5-e-2. Thus, the point (a1(k) hat, a2(k) hal) on the 
coordinate plane shown in FIG. 12 is limited to a point in a region on and above a straight line, i.e., the straight line 
including the line segment Q^Qq, expressed by at least a2 = A2L. 

[0277] Then, the identifier 25 decides whether or not the value of the identified gain coefficient a1 (k) hat determined 
in STEP5-7 is equal to or greater than a lower limit value A1 L (see FIG. 12) for the gain coefficient a1 in the identifying 
coefficient limiting range in STEP6-8-3. and then decides whether or not the value of the identified gain coefficient a1 
(k) hat is equal to or smaller than an upper limit value A1H (see FIG. 12) for the gain coefficient a1 in the identifying 
coefficient limiting range in STEP5-S-5. The upper limit value A1 H for the gain coefficient a1 in the identifying coefficient 
limiting range is represented by A1H = 1 - A2L because it is an a1 coordinate of the point Qg where the polygonal line 
lal 1 + a2 = 1 (a1 > 0) and the straight line a2 = A2L intersect with each other, as shown in FIG. 12. 
[0278] If the value of the identified gain coefficient a1 (k) hat is smaller than the lower limit value AIL or greater than 
the upper limit value A1 H, then since the point {a1(k) hat. a2(k) hat) on the coordinate plane shovm in FIG. 12 does 
not reside in the identifying coefficient limiting range, the value of a1(k) hat is forcibly changed to the lower limit value 
A1 L or the upper limit value A1 H in STEPS-8-4. STEP5-8-6. 

[0279] Thus, the point (a1 (k) hat, a2(k) hat) on the coordinate plane shown in FIG. 12 is limited to a region on and 
between a straight line, i.e., the straight line including the line segment QgO?. expressed by a1 = AIL, and a straight 
line, i.e.. the straight line passing through the point Qg and perpendicular to the a1 axis, expressed by a1 = A1H. 
[0280] The processing in STEP5-8-3 and STEP5-8-4 and the processing in STEP5-8-5 and STEP5-8-6 may be 
switched around. The processing in STEP5-8-1 and STEP5-8-2 may be carried out after the processing in STEP5-8-3 
through STEP5-B-6. 

[0281] Then, the identifier 25 decides whether the present values of a1(k) hal, a2(k) hat after STEP5-8-1 through 
STEP5-8-6 satisfy an inequality lall + a2 < 1 or not, i.e., whether the point (a1(k) hat. a2(k) hal) is positioned on or 
below or on or above the polygonal line (including line segments QsQe and QsQs) expressed by the functional expres- 
sion Ia1l + a2 = 1 in STEP5-e-7, 

[0282] If lall + a2 < 1. then the point (al(k) hat. a2(k) hat) determined by the values of al(k) hat, a2(k) hat after 
STEP5-8-1 through STEP5-8-6 exists in the kientifying coefficient limiting range (including its boundaries). 
[0283] If lall + a2 > 1 , then since the point (a1(k) hat. a2(k) hat) deviates upwardly from the identifying coefficient 
limiting range, the value of the a2(k) hat is forcibly changed lo a value (1 - (a1(k) hall) depending on the value of a1 
(k) hat in STEP5-8-8. Stated othenvise. while the value of a1(k) hat is being kept unchanged, the point (a1(k) hat, a2 
(k) hat) is moved onto a polygonal line expressed by the functional expression lal 1 + a2 = 1 , i.e., onto the line segment 
Q5O6 or the line segment Q^Qq which is a boundary of the identifying coefficient limiting range, 
[0284] Through the above processing In STEP5-8-1 through 5-8-8, the values of the identified gain coefficients a1 
(k) hat, a2(k) hat are limited such that the point (a1(k) hat, a2(k) hat) determined thereby resides in the identifying 
coefficient limiting range. If the point (a1(k) hat, a2(k) hat) corresponding to the values of the identified gain coefficients 
a1 (k) hat, a2(k) hat that have been determined in STEP5-7 exists in the identifying coefficient limiting range, then those 
values of the identified gain coefficients a1(k) hat, a2(k) hat are maintained. 

[0285] The value of the Identified gain coefficient a1 (k) hat relative to the primary autoregressive term of the discrete- 
system nruxiel is not forcibly changed insofar as the value resides between the lower limit value AIL and the upper 
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limit value A1H of the identifying coefficient limiting range. If a1(k) hat < AIL or a1(k) hat > A1H. then since the value 
of the identified gain coefficient a1(k) hat is forcibly changed to the lower limit value AIL which is a minimum value 
that the gain coefficient a1 can take in the identifying coefficient limiting range or the upper limit value AlH which is a 
maximum value thai the gain coefficient a1 can take in the identifying coefficient limiting range, the change in the value 
5 of the identified gain coefficient a1 (k) hat is minimum. Stated otherwise, if the point (a1 (k) hat, a2(k) hat) corresponding 
to the values of the identified gain coefficients a1(k) hat. a2(k) hat that have been determined in STEP5-7 deviates 
from the identifying coefficient limiting range, then the forced change in the value of the identified gain coefficient a1 
(k) hat is held to a minimum. 

[0286] After having limited the values of the identified gain coefficients a1(k) hat, a2(k) hat. the identifier 25 limits 
70 iho identified gain coefficient b1 (k) hat according to the second limiting condition in STEP5-8-9 through STEP5-8-1 2. 
|0287] Specifically, the identifier 25 decides whether or not the value of the identified gain coefficient b1 (k) hat de- 
termined in STEPS-7 is equal to or greater than the lower limit value B1 L in STEP5-8-9. If the lower limit value BiL is 
greater lhan the value of the identified gain coefficient b1 (k) hat. the value of b1 (k) hat is forcibly changed to the lower 
limn value BiL in STEP5-8-10. 
'5 [0288] The kdenlifier 25 decides whether or not the value of the identified gain coefficient b1(k) hat is equal to or 
smaller than the upper limit value 81 H in STEP5-8-11, If the upper limit value B1H is smaller than the value of the 
Identified gain coefficient bl (k) hat, the value of b1 (k) hat is forcibly changed to the upper limit value 81 H in STEP5-8-1 2. 
[0289] If 81 L < bl (k) hat < Bl H, then the value of the identified gain coefficient bl (k) is maintained as it is. 
[0290] Through the above processing in STEP5-6-9 through 5-8-12, the value of the identified gain coefficient b1(k) 
\\e^\ lb |»mMed lo a range between the lower limit value B1L and the upper limil value 81 H. 

(029 1] Adef the identifier 25 has limited the combination of the values of the identified gain coefficients at (k) hat. hZ 
(K) hat and the identified gain coefficient b1 (k) hat, control returns to the sequence shown in FIG. 10. 
[0292] The preceding values al(k-l) hat, a2(k-1) hat, b1(k-1) hat of the identified gain coefficients used for deter- 
mining the identified gain coefficients a1 (k) hat, a2(k) hat, b1(k) hat in STEP5-7 shown in FIG. 10 are the values of the 
25 identified gam coefficients limited according to the first and second limiting conditions in STEP5-8 in the preceding 
control cycle 

[0293] After having limited the identified gain coefficients a1(k) hat, a2(k) hat, b1(k) hat as described above, the 
identifier 25 updates the matrix P(k) according to the equation (10) for the processing of a next control cycle in STEP 
5-9. after which control returns to the main routine shown in FIG. 8. 
30 [0294] The processing subroutine of STEPS for the identifier 25 has been described above. 

[0295] In FIG. 8, after the processing of the identifier 25 has been carried out, the target air-fuel ratio generator 28 
determines the gain coefficients a1, a2, bl in STEPS. 

[0296] In STEP6, if the value of the flag f/id/cal set in STEP2 is "1 i.e., if the gain coefficients a1 , a2, bl have been 
identified by the identifier 25, then the values of the gain coefficients ai, a2, bl are set to the identified gain coefficients 
35 a1 hat, a2 hat b1 hat (limited in STEPS-8) determined by the identifier 25 in STEPS, if the value of the flag f/id/cal is 
•Q", i.e., if the gain coefficients a1, a2. bl have not been identified by the identifier 25, then the values of the gain 
coefficients a1, a2, bl are set to predetermined values. 

[0297] Then, the target air-fuel ratio generator 28 effects a processing operation of the estimator 26, i.e., calculates 
the estimated differential output V02 bar. in STEP? of the main routine shown in FIG. 8. 

40 [0298] The calculating subroutine of STEP7 is shown in detail in FIG. 14. As shown in FIG. 14, the estimator 26 
calculates the coefficients a1 . a2, (j = - ci) be used in the equation (13). using the gain coefficients a1, a2, bl 
determined in STEP6 (these values are basically the identified gain coefficients a1 hat, a2 hat. bl hat which have been 
limited in STEPS-8 shown in FIG. 10) according to the definition accompanying the equation (12) in STEP7-1. 
[0299] Then, in STEP7-2. the estimator 26 calculates the estimated differential output V02(k+d) bar (estimated value 

45 of the djflereniial output V02 after the total dead time d from the time of the present control cycle) according to the 
equation (13), using the time-series data V02(k), V02(k-1), from before the present control cycle, of the differential 
output V02 of the sensor calculated in each control cycle in STEP3 shown in FIG. 8. the time-series data kact(k- 
j) (j = 0 - dl). Irom before the present control cycle, of the differential output kacl of the LAF sensor 5, the time-series 
data kcmd(k-j) (normally, kcmd(k-j) = usl(k-j) (j = 1 - d2-1), from before the preceding control cycle, of the command 

50 differential air-fuel ratio kcmd (= the demand differential air-fuel ratio usl as limited) determined in each control cycle 
by the limitcr 30 as described later on, and the coefficients a1 . a2, pj ca teulaled as described above. 
[0300] Referring back to FIG, 8. the target air-fuel ratio generator 28 then cateulates the demand differential air-fuel 
ratio usl with the sliding mode controller 27 in STEPS. 
[0301] The calculating subroutine of STEPS is shown in detail in FIG. 15. 

55 [0302] As shown in FIG. 15, the sliding mode controller 27 calculates a value a{k+d) bar (corresponding to an esti- 
mated value, after the dead time d, of the switching function a defined according to the equation (15)), after the total 
dead time d from the present control cycle: of the switching function a bar defined according to the equation (25), using 
the time-series data V02(k+d) bar. \/02(k+d-1) bar (present and preceding values of the estimated differential output 
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V02 bar) of the estimated differential output V02 bar determined by the estimator 26 in STEP? in STEP8-1 . 
[0303] If the switching function o bar is excessively large, then the value of the reaching control law input urch 
determined depending on the value of the switching function a bar becomes excessively large, causing the adaptive 
control law input uadp to change abruptly. Therefore, the demand differential air-fuel ratio usi determined by the sliding 
5 mode controller 27 and the target air-fuel ratio KCMD tends to become unstable. According to the present embodiment, 
the value of the switching function a bar is set to fall in a predetermined range, and if the value of the a bar determined 
according to the equation (25) exceeds an upper or lower limit of the predetermined range, then the value of the o bar 
is forcibly set to the upper or lower limit of the predetermined range. 

[0304] Then, the sliding mode controller 27 accumulates values of the switching function o bar calculated in respec- 
TO tive control cycles in STEP8-1 (more accurately, values produced when the value of the o bar is multiplied by the period 
(constant period) of the control cycles of the exhaust-side control unit 7a). i.e.. adds a value of the o bar calculated in 
the present control cycle to the sum determined in the preceding control cycle, thereby calculating an integrated valiie 
of the o bar (which corresponds to the term at the right end of the equation (27)) in STEP8-2. 

[0305] In order to prevent the adaptive control law input uadp determined depending on the integrated value of the 
IS o bar. the integrated value of the o bar is set to fall in a predetermined range, as with STEP8-1. Specifically, if the 
integrated value of the o bar exceeds an upper or lower limit of the predetermined range, then the integrated value of 
the o bar is limited to the upper or lower limit. 

[0306] Then, the sliding mode controller 27 calculates the equivalent control input ueq, the reaching control law input 
urch, and the adaptive control taw uadp according to the respective equations (24), (26), (27) In STEP8-3, using the 
20 lime-series dala V02(k+d) bar. VC2(k+d-1 ) bar of the estimated differential output V02 bar determined by Ihe estimator 

26 in STEP7, the value o(k+d) bar of the switching function and its integrated value which are determined respectively 
in STEP8-1 and STEP8-2, the gain coefficients a1, a1, b1 determined in STEP 6 (whk:h are basically the gain coeffi- 
cients a1 hat, a2 hat. b1 hat limited in STEPS-B shown in FIG. 10). 

[0307] The sliding mode controller 27 then adds the equivalent control input ueq, the reaching control law input urch, 
^s and the adaptive control law uadp determined in STEP8-3 to calculate an input to be applied to the object exhaust 

system E for converging the output signal V02/0UT of the O2 sensor 6 to the target value V02/TARGET in STEP8-4. 

[0308] The processing operation of the sliding mode controller 27 in STEPS has been described above. 

[0309] In FIG. 8, the target air-fuel ratio generator 28 carries out a process with the limiter 30. Prior to limiting the 

demand differential air-fuel ratio usI calculated by the sliding mode controller 27, the limiter 30 determines the stability 
30 of the status of the output signal V02/0UT of the O2 sensor 6 (the output status of the object exhaust system, hereinafter 

referred to as an "SLD control status') which is controlled according to the adaptive sliding mode control process carried 

out by the sliding mode controller 27 in STEP9. 

[0310] A process of determining the stability will briefly be described prior to specifically describing the details of the 
process of determining the stability. 
3S [0311] In the present embodiment, in each control cycle of the exhaust -side control unit 7a, the sliding mode controller 

27 uses a diffei-ence Ao bar (corresponding to a rate of change of the value of the switching function o bar) between 
the present value o(k+d) bar of the switching function a bar calculated in STEP8-1 and a preceding value o(k+d-1) bar 
thereof in a preceding control cycle, and the product o(k+d) bar-Ao bar of the switching function o bar and the present 
value a(k-Kl) bar, as a basic parameter for determining the stability of the SLD control status (the product o(k-»-d) bar-Aa 

40 bar will hereinafter be referred to as a "stability determining basic parameter Pstb"). 

[0312] The stability determining basic parameter Pstb (= <y(k+d) bar-Ao bar) corresponds to the time-differentiated 
function of a Lyapunov function o bar2/2 relative to the switching function o bar. The state in which Pstb < 0 is basically 
a state in which the value of the switching function a bar is converged to or converging to "0" (the state quantity 
comprisingthe time-series data V02(k+d) bar, V02(k+d-1 ) bar of the estimated differential output \/02 bar is converged 

45 to or converging to the hyperplane o bar = 0). The state in which Pstb > 0 is basically a slate in which the value of the 
switching function o bar is getting away from '0" (the state quantity comprising the time-series data V02(k-hd) bar, V02 
(k+d-1) bar of the estimated differential output V02 bar is getting away from the hyperplane a bar = 0). 
[0313] Therefore, il is possible to determined whether the SLD control status is stable or not based on whether or 
not the value of the stability determining basic parameter Pstb Is equal to or smaller than "0". 

50 [031 4] However, if the stability of the SLD control status is determined solely by comparing the value of the stability 
determining basic parameter Pstb with "0", then any slight noise contained in the value of the o bar will affect the 
determined result of the stability. Furthermore, if the determined result of the stability is established based on the value 
of the stability determining basic parameter Pstb in each control cycle, then the determined result tends to change 
frequently. 

ss [0315] In this embodiment, in each control cycle of the exhaust-side control unit 7a, It is temporarily determined 
whether the SLD control status is stable or not based on whether or not the value of the stability determining basic 
parameter Pstb is equal or smaller than a predetermined value e that is of a positive value slightly greater than ■OV In 
addition, in a predetermined period longer than the control cycles of the exhaust-side control unit 7a. the frequency 
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cnl/judst at which the SLD control status is temporarily determined as unstable based on the value of the stability 
determining basic parameter Pstb (more specifically, the number of control cycles in which Pstb > e. in the predetermined 
period, hereinafter referred to as a "temporarily unstable decision frequency cnt/judsf) is measured. Whether the SLD 
control status is stable or not is determined by comparing the temporarily unstable decision frequency cnt^udst with 

5 predetermined thresholds. 

[0316] In the present embodiment, the predetermined thresholds with which the temporarily unstable decision fre- 
quency cnt/judst is compared include a first threshold SSTB1 and a second threshold SSTB2 (SSTB1 < SSTB2). If 
the temporarily unstable decision frequency cnt/judst is equal to or smaller than the first threshold SSTBl (cnt/judst < 
SSTB1). then the SLD control status is determined as stable, ft cnt/judst > SSTBl, then the SLD control status is 

10 determined as unstable. If the SLD control status is determined as unstable (cnt/judst > SSTB1), then when the tem- 
porarily unstable decision frequency cnt/judst is equal to or smaller than the second threshold SSTB2 (cnt/judst < 
SSTB2). the level of the instability of the SLD control status is determined as low (such a state will hereinafter be 
referred to as a "bw-level unstable state"), and when cnt/judst > SSTB2: the level of the instability of the SLD control 
status is detemnined as high (such a state will hereinafter be referred to as a "high-level unstable state'). Thus, if the 

IS SLD control status is determined as unstable, then the level of the instability of the SLD control status is also determined 
depending on the value of the temporarily unstable decision frequency cnt/judst. 

[0317] Based on the above principles of the determination of the stability of the SLD control status, the process of 
determining the stability of the SLD control status will be described in greater detail below. 

[031 8] The process of determining the stability ot the SLD control status is carried out according to a flowchart shown 
20 in FIG. 16. 

[0319] The limiter 30 calculates the stability determining basic parameter Pstb (= o(k+d) bar-Ao bar) defined above 
from the present value a(k-hd} and the preceding value a(k+d-1) of the switching function o bar determined by the 
sliding mode controller 27 in STEP8-1 in STEP9-1 in FIG. 16. 

[0320] Then, the limiter 30 determines whether the value of the timer counter tm/stb (count-down timer) initialized 
2S in STEPd-11 in FIG. 7 has become "0" or not, i.e., whether the time that has elapsed from the start of the manipulation 
ot the air-tuel ratio o1 the internal combustion engine 1 based on the target air-fue! ratio KCMD generated by the target 
air-fuel ratio generator 28 (the control process for converging the output signal \/02/0UT from the Og sensor 6 to the 
target value V02/TARGET, which may hereinafter be referred to as an "air-fuel ratio manipulation exhaust system 
output control process") has reached a predetermined time expressed by the initial value TMSTB of the timer counter 
30 tm/stb. in STEP9-2. 

[0321] It tm/stb ^ 0, and hence the time that has elapsed from the start of the air-fuel ratio manipulation exhaust 
system output control process has not reached the predetermined time (: TMSTB) (immediately after start of the air- 
fuel ratio manipulation exhaust system output control process), then the stability of the SLD control status based on 
the measurement of the temporarily unstable decision frequency cnt/judst, etc. is not determined, and STEP9-3 is 

35 carried out, after which control returns to the main routine shown in FIG. 8. 

[0322] In STEP9-3, the value of the timer counter tnn/stb (count-down timer) tor measuring the predetermined period 
in which to measure the temporarily unstable decision frequency cnt/judst is set to a predetermined initial value 
TMJUDST corresponding to the time of the predetermined period. In STEP9-3, the value ot the temporarily unstable 
decision frequency cnt/judst is initialized to "0". In STEP9-3, moreover, the value of a flag f/stbl which indicates whether 

40 the SLD control status is stable or not with "0" and "1", respectively, is initialized to "0*, and the value of a flag f/stb2 
which indicates whether the SLD control status is in the bw-level unstable state or the high-level unstable state with 
"0" and '1", respectively, is initialized to "0". 

[0323] If the value of the timer tnrVstb is "C. and hence the time that has elapsed from the start of the air-fuel ratio 
manipulation exhaust system output control process has reached the predetermined time expressed by the initial value 
TMSTB of the timer tnvstb, then the limiter 30 compares the stability determining basic parameter Pstb with the pre- 
determined value £ (> 0) in STEP9-4. If Pstb < e. then the SLD control status is regarded temporarily stable, and the 
value of the temporarily unstable decision frequency cnt/judst is maintained at its present value (preceding value) in 
STEP9-5. U Pslb > €, then the SLD control status is regarded as temporarily stable, and the value of the temporarily 
unstable decision frequency cnl/judst is incremented from the present value (preceding value) by "1" in STEP9-6, 
so [0324] Then, the limiter 30 compares the value of the temporarily unstable decision frequency cnt/judst determined 
in the present cycle in STEP9-5 or STEP9-6 with the first threshold SSTBl in STEP9-7. If cnt/judst < SSTB1 , then the 
SLD control status is regarded as stable, and the flag f/stb1 (hereinafter referred to as a "stability decision flag f/stb1") 
is set to "0" in STEP9-8. 

[0325] If cnt/judst > SSTBl (the SLD control status is unstable), then the limit 30 compares the value of the temporarily 
ss unstable decision frequency cnt/judst with the second threshold SSTB2 in STEP9-9. If cnt/judst < SSTB2. then the 
SLD control status is regarded as in the low-level unstable state, and the stability decision flag f/stbl is set to "1" in 
STEP9-10. If cnt/judst > SST62, then the SLD control status is regarded as in the high-level unstable state, and the 
stability decision flag f/5tb1 is set to "1 ' and the flag f/stb2 (hereinafter referred to as an "instability level decision flag 



36 



EP 1 010 882 A2 



f/stb2") is set to "1 " in STEP9-11. 

[0326] Then, the limiler 30 decrements the value of the timer counter tm/judst from the present value (preceding 
value) by "1" in STEP9-12. and thereafter determines whether the updated value of the timer counter tm^udst has 
reached "0" or not. i.e.. whether the predetermined period represented by the initial value TMJUDSTof the timer counter 

s tnn/judst has elapsed or not, in STEP9-1 3. 

[0327] If tm/judst ^ 0, and hence the predetermined period (: TMJUDST) has not elapsed (the timer counter Im/judst 
has not run out), then control returns to the main routine shown in FIG. 8. 

[0328] If tnrVjudst = 0, and hence the predetermined period (: TMJUDST) has elapsed (the timer counter tm>]udst has 
run out), then the limiter 30 determines the value of the stabMy dec't&ion flag f/stbl in STEP9-14. If f/stbl = 1 , then the 
10 value of the timer counter tnn/judst is set to its initial value TMJUDST. and the value of the temporarily unstable decision 
frequency cnt/judst is reset to "6" in STEP9-16, after which control returns to the main routine shown in FIG. B. 
[0329] If f/stbl = 0 in STEP9-14. i.e.. if the SLD control status in the present control cycle is determined as stable, 
then the value of the instability level decision flag f/stb2 is reset to 'C in STEP9-15, and STEP9-16 is executed, after 
which control returns to the main routine shown in FIG. 8. 

[0330] The manner in which the values of the stability determining basic parameter Pstb, the temporarily unstable 
decision frequency cnt/judst, the stability decision flag f/stbl, and the instability level decision flag f/stb2 vary is illus- 
trated respectively in first, second, third, and fourth stages of FIG. 17. In the first stage of FIG. 17. the value of the 
stability determining basic parameter Pstb is shown as being equal to or greater than "0*. However, the stability deter- 
mining basic parameter Pstb may actually be of a negative value. 

20 [0331] As shown in FIG. 17, the lemporarily unslable decision frequency cnl/judsl, i.e., the frequency (ihe number 
of times) at which the value of the stability determining basic parameter Pstb is Pstb > t\ is meas'jred in every prede- 
termined period (: TMJUDST) and reset to *0" each time the predetermined period (: TMJUDST) elapses (see 
STEP9-16). As indicated in a period T1 or T2 in FIG. 17. if the value of the temporarily unstable decision frequency 
cnt/judst does not reach the first threshold SSTB1 , i,e., if a situation in which the value of the stability determining basic 

25 parameter Pstb exceeds the predetermined value e does not occur or occurs only temporarily, then the SLD control 
status is regarded as stable, and the value of the stability decision flag f/stbl is set to "0" (see STEP9-7, STEP9-8). 
[0332] As indicated in a period T3 in FIG. 17, if the situation in which the value of the stability determtn'tng basic 
parameter Pstb exceeds the predetermined value £ in the predetermined period continues for a certain time or occurs 
frequently, and the value of the temporarily unslable decision frequency cnt/judst exceeds the first threshold SSTB1 , 

30 then the SLD control status is determined as in the low-level unstable state, and the value of the stability decision flag 
f/stbl is set to "1 " (see STEP9-9. STEP9-10). In this case, as the temporarily unslable decision frequency cnt/judst is 
reset in every predetermined period, the value of the stability decision flag f/stbl is also reset to "0" in every predeter- 
mined period. 

[0333] As indicated in a period T4 in FIG. 17. if the situation in which the value of the stability determining basic 

35 parameter Pstb exceeds the predetermined value E in the predetermined period continues for a relatively long time or 
occurs frequently and the value of the temporarily unstable decision frequency cnt/judst exceeds the second threshold 
SSTB2, then the SLD control status is determined as in the high-level unstable stale, and the value of the stability 
decision flag f/stbl is set to T and the value of the instability level decision flag f/stb2 is set to "1" (see STEP9-11). 
In this case, the value of the instability level decision flag f/stb2 is kept at "1 " regardless of the value of the temporarily 

40 unstable decision frequency cnt/judst during a next predetermined period (period T5). Only if the value of the temporarily 
unstable decision frequency cnt/|udst is continuously kept equal to or smaller than the first threshold SSTB1 and the 
value of the stability decision flag f/stbl is kept at "O* during the next predetermined period (period T5). the instability 
level decision flag f/stb2 is reset to "O" at the end of the period T5 (STEP9-1 4. STEP9-1 5). Therefore, if the SLD control 
status is determined as in the high-level unstable state within a certain predetermined period, the value of the instability 

^5 level decision flag f/stb2 is kept at "1" indicative of the high-level unstable state within a next predetermined period 
unless the value of the lemporarily unstable decision frequency cnt/judst is continuously kept equal to or smaller than 
the first threshold SSTBI , so that the decision of the high-level unstable state essentially continues. 
[0334] Referring back to FIG. 8, after the limiter 30 in the target air-fuel ratio generator 28 determines the stability 
of the SLD control status as described above, the limiter 30 limits the demand differential air-fuel ratio usi calculated 

50 by the sliding mode controller 27 in STEPS to determine the command differential air-fuel ratio kcmd in STEP10. 

[0335] Prior to specifically describing the limiting process in detail, allowable ranges used by the limiting process will 
be described below. 

[0336] The limiting process carried out by the limiter 30 forcibly sets the command differential air-fuel ratio kcmd to 
an upper or tower limit of an allowable range if the demand differential air-fuel ratio usI deviates from the allowable 
55 range beyond the upper or lower limit thereof, in order to keep the command differential air-fuel ratio kcmd which 
defines the target air-fuel ratio KCMD to be finally given to the engine-side control unit 7b. If the demand differential 
air-fuel ratio usI falls in the allowable range, the limiting process sets up the denrtand differential air-fuel ratio usI directly 
as the command differential air-fuel ratio kcmd. 
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[0337] In the present embodiment, the limiting process uses a plurality of allowable ranges as shown in FIG. 1S. 
Specifically, the allowable ranges include an allowable range for unstable tow level used to limit the demand differential 
air-fuel ratio usi when the determined stability of the SLD control status represents the low-level unstable state (f/stbl 
= 1 and f/slb2 = 0) (except when the internal combustion engine 1 is idling) in STEP9, and an allowable range for 
5 unstable high level used to limit the demand differential air-fuel ratio usI when the determined stability of the SLD control 
status represents the high-level unstable state (f/stb2 =1). 

[0338] The allowable ranges for the limiting process also include an allowable range after FC (fuel cut-off) used to 
limit the demand differential air-fuel ratio usI immediately after the fuel supply to the internal combustion engine 1 is 
cut off (specifically, until a predetermined time elapses after the fuel supply to the internal combustion engine 1 is cut 

w off) except when the determined stability of the SLD control status represents the low-level unstable state or the high- 
level unstable state, an allowable range after start used to limit the demand differential air-fuel ratio usI immediately 
after the internal combustion engine 1 starts (more specifically, until a predetermined time elapses after the internal 
combustion engine 1 starts), and an allowable range after operation with lean mixture used to limit the demand differ- 
ential air-fuel ratio usI immediately after the operation mode of the internal combustion engine 1 changes from the lean 

^5 operation mode in which the air-fuel ratio of the internal combustion engine 1 is a lean ratio to the normal operation 
mode in which the air-fuel ratio manipulation exhaust system output control process is perlormed (specifically, until a 
predetermined time elapses after the lean operation mode is ended). In this embodiment, the allowable range after 
FC, the allowable range after start, and the allowable range after operation with lean mixture are identical allowable 
ranges, and will collectively be referred to as an allowable range after FC/starL/ope ration with lean mixture. 

20 [0339] The allowable ranges for limiting the demand differential air-fuel ratio usI further include an allowable range 
after being driven under load used to limit the demand differential air-fuel ratio usI immediately after a vehicle incorpo- 
rating the internal combustion engine 1 starts (specifically, until a predetermined time elapses after the internal com- 
bustion engine 1 starts to operate drive wheels of the vehicle which serves as a load on the internal combustion engine 
1 ), except when the determined stability of the SLD control status represents the low-level unstable state or the high- 

25 level unstable state, and except immediately after the fuel supply to the internal combustion engine 1 is cut off, or the 
interna! combustion engine 1 starts, or the internal combustion engine 1 operates with lean mixture, and an allowable 
range idling used to limit the demand differential air-fuel ratio usI while the internal combustion engine 1 is idling, except 
when the determined stability of the SLD control status represents the high-level unstable state, and except immediately 
after the fuel supply to the intemai combustion engine 1 is cut off. or the internal combustion engine 1 starts, or the 

30 intemai combustion engine 1 operates with lean mixture. 

[0340] The allowable ranges for limiting the demand differential air-fuel ratio usI also include an adaptive allowable 
range used to limit the demand differential air-fuel ratio usI while the internal combustion engine 1 is operates normally 
except those states corresponding to the above various allowable ranges. 

[0341] The allowable range for unstable low level is a fixed allowable range with its upper and lower limits set re- 
3S spectively to predetermined fixed values H, L (the predetermined value H will hereinafter be referred to as an "upper- 
limit third predetermined value H" and the predetermined value L will hereinafter be referred to as a •lower-limit fourth 
predetermined value L*). The allowable range for unstable low level has a standard (intermediate) extent at the upper 
and lower limits thereof, among the various allowable ranges. 

[0342] The allowable range for unstable high level is a fixed allowable range with its upper and lower limits set 
40 respectively to predetermined fixed values STABH, STABL (the predetermined value STABH will hereinafter be referred 
teas an "upper-limit first predetermined value STABH' and the predetermined value STABL will hereinafter be referred 
to as a "lower-limit first predetermined value STABL"). The allowable range for unstable high level has a narrowest 
extent at the upper and lower limits thereof, among the various allowable ranges. 

[0343] The allowable range for idling is a fixed allowable range with its upper and lower limits set respectively to 
'^s predetermined fixed values HI, LI (the predetermined value HI will hereinafter be referred to as an "upper-limit second 
predetermined value HI" and the predetermined value LI will hereinafter be referred to as a "lower-limit third predeter- 
mined value LI"). The allowable range tor idling has a relatively narrow extent at the upper and lower limits thereof 
(narrower than the allowable range for unstable low level). 

[0344] The allowable range after FC/start/operation with lean mixture is an allowable range wrth its upper limit set 
50 to a predetermined fixed value AFCH (hereinafter referred to as an "upper-limit fifth predetermined value AFCH") and 
its lower limit sequentially variable (in each control cycle) depending on how the demand differential air-fuel ratio usI 
deviates from the allowable range, between the lower-limit first predetermined value STABL and a predetermined value 
LL smaller than the lower-limit first predetermined value STABL (hereinafter referred to as a "lower-limit fifth predeter- 
mined value LL"). The lower limit of the allowable range after FC/start/operalion with lean mixture is widest among the 
55 various allowable ranges. While the internal combustion engine 1 is idling, the lower limit of the allowable range after 
FC/start/operation with lean mixture is not variable, but set to the lower-limit third predetermined value LI which is the 
lower limit of the allowable range for idling. 

[0345] The allowable range after being driven under load is an allowable range with its lower limit set to a predeter- 
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mined fixed value VSTL (hereinafter referred to as a "lower-limit second predetermined value VSTL*) and its upper 
limit sequentially variable (in each conlrol cycle) depending on how the demand differential air-fuel ratio usi deviates 
from the allowable range, between the upper-limit first predetermined value STABH and a predetermined value HH 
larger than the upper-limit first predetermined value STABH (hereinafter referred to as an "upper-limit fourth predeter- 
5 mined value HH"). The lower limit of the allowable range after being driven under load is relatively narrow (narrower 
than the lower limit of the allowable range for idling). 

[0346] The adaptive allowable range is an allowable range with its upper limit sequentially variable (in each control 
cycle) depending on how the demand differential air-fuel ratio usl deviates from the allowable range, between the 
upper-limit first predetermined value STABH and the upper-limit fourth predetermined value HH and its lower limit 
10 sequentially variable (in each control cycle) depending on how the demand differential air-tuel ratio usl deviates from 
the allowable range, between the lower-limit first predetermined value STABL and the lower-limit fifth predetermined 
value LL. 

[0347] Since the demand differential air-fuel ratio usl to be limited to the various allowable ranges represents the 
difference between the air-fuel ratio of the internal combustion engine 1 and the air-fuel ratio reference value FLAP/ 

75 BASE, the upper and lower limits ot the allowable ranges represent differences with the air-fuel ratio reference value 
FLAF/BASE, i.e.. positive and negative values with respect to the air-fuel ratio reference value FLAF/BASE represented 
as *0'. The upper-limit first through fifth predetermined values STABH. HI. H. HH, AFCH are related in magnitude with 
each other as 0 < STABH < HI < H < HH < AFCH as shown In FIG. 18. Similarly, the lower-limit first through fifth 
predetermined values STABL, VSTL. LI. L. LL are related in magnitude with each other as 0 > STABL > VSTL > LI > 

20 L > LL as shown in FIG. 1 8. 

[0348] In view of the above definition of the various allowable ranges the limiting process in STEPI 0 will be described 
in specific detail below. The limiting process is carried out according to a flowchart shown in FIG. 19. An allowable 
range for the limiting process which is established in an idling state of the internal combustion engine 1 , which allowable 
range is not limited to the above allowable range for idling, has an upper limit AHFI and a lower limit ALFl which will 

2S be referred to respectively as an idling upper limit AHFI and an idling lower limit ALFL An allowable range for the limiting 
process which is established in an operating state of the internal combustion engine 1 except for the idling state has 
an upper limit AHF and a lower limit ALF which will be referred to respectively as a non-idling upper limit AHF and a 
non-idling lower limit ALF. The variable upper and lower limits of the adaptive allowable range will be referred to re- 
spectively as an adaptive upper limit ah and an adaptive lower limit at. 

30 [0349] As shown in FIG. 19. the limiter 30 carries out a process of determining an allowable range for li.miting the 
demand differential air-fuel ratio usl in the present cycle in STEPI 0-1. 

[0350] The process of determining an allowable range in STEPI 0-1 is performed according to a flowchart shown in 
FIG. 20. 

[0351] First, the limiter 30 determines the value of the instability level decision flag f/stb2 established in the process 
35 of determining the stability of the SLD control status in STEPI 0-1 -1 . If f/stb2 = 1 , i.e., if the SLD control status is in the 
high-level unstable state, then the limiter 30 sets the idling upper limit AHFI, the non-idling upper limit AHF, and the 
adaptive upper limit ah (more specifically, a present value ah(k-1) of the adaptive upper limit ah to the upper-limit first 
predetermined value STABH which is the upper limit of the allowable range for unstable high level (see FIG. 18). and 
also sets the idling lower limit ALFl, the non-idling lower limit ALF, and the adaptive lower limit a1 (more specifically, a 
"^0 present value a1(k-1) of the adaptive lower limit al) to the lower-limit first predetermined value STABL which is the 
lower limit of the allowable range for unstable high level in STEP1 0-1 -2. After STEPI 0-1 -2, control returns to the routine 
shown in FIG. 19. 

[0352] In STEP1 0-1 -2, the allowable range for limiting the demand differential air-fuel ratio usl is set to the allowable 
range for unstable high level, i.e., the narrowest fixed allowable range, regardless of the operating state of the internal 
combustion engine 1. The adaptive allowable range which is made variable as described laier on is initialized to the 
allowable range lor unstable high level. 

[0353] If f/stb2 = 0 in STEPlO-1-1, then the limiter 30 determines the stability decision flag f/stbl established In the 
process of determining the stability of the SLD conlrol status in STEPI 0-1 -3. If f/stbl = 1, i.e., if the SLD conlrol status 
is in the low-level unstable state, then the limiter 30 sets the idling upper limit AHFI to the upper-limit second prede- 

50 termined value HI which is the upper limit of the idling allowable range (see FIG. 18) and also sets the idling lower limit 
ALFl to the lower-limit third predetermined value LI which is the lower limit of the idling allowable range in STEPI 0-1 -4. 
In STEPlO-1-4, the limiter 30 also sets the non-idling upper limit AHF and the present value ah(k-l) of the adaptive 
upper limit ah to the upper-limit third predetermined value H which is the fixed upper limit of the allowable range for 
unstable low level (see FIG. 18), and also sets the non-idling lower limit ALF and the adaptive lower limit al (al(k-l)) 

ss to the lower-limit fourth predetermined value L which is the fixed lower limit of the allowable range for unstable low 
level After STEPI 0-1 -4. control returns to the routine shown in FIG. 19. 

[0354] In STEPI 0-1 -4. the af/owabfe range for limiting the demand differential air-fuet ratio usf fs set to the aflowable 
range for unstable low level (the fixed standard range) in an operating state of the internal combustion engine 1 except 
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for the idling state." and set to the allowable range for idling (fixed narrow range) which is narrower than the allowable 
range for unstable low level in the idling slate of the Internal combustion engine 1 . The adaptive allowable range is 
initialized to the allowable range for unstable low level. 

[0355] If f/stbl = 0 in STEPlO-1-3, i.e., if the SLD control status is stable in STEP9. then the limiter 30 determines 
s whether the internal combustion engine 1 is in a state immediately after the supply of fuel is cut oil or not, i.e., whether 
the time that has elapsed after the end of the cuttingoff of the supply of fuel has not reached a predetermined time or 
not. in STEP10-1-5. 

[0356] The decision in STEP1 0-1 -5 is carried out as follows: In this embodiment, data indicative of whether the supply 
of fuel to the internal combustion engine 1 is cut off or not is given from the engine-side control unit 7b to the exhaust- 
10 side control unit 7a. The limiter 30 activates a timer (not shown) from the time when it recognizes the end ot the cutting- 
off of the supply of fuel based on the data, for thereby measuring the time that has elapsed from the time of the end 
of the cutting-off of the supply of fuel. The limiter 30 determines a period until the elapsed time reaches a predetermined 
time (fixed value) as the state immediately after the supply of fuel is cut off. 

[0357] In this embodiment, while the supply of fuel is being cut off, the manipulation of the air-fuel ratio based on the 
75 target air-fuel ratio KCMD generated by the target air-tuel ratio generator 28, i.e., the control process of converging 
the output signal V02/OUT from the sensor 6 to the target value V02/TARGET, is not performed (see FIG. 7 showing 
details ot STEPd in FIG. 6), but the processing in the target air-fuel ratio generator 28 tor calculating the demand 
differential air-fuel ratio usi and the target air-fuel ratio KCMD is carried out. In the present embodiment, the state in 
which the supply of fuel to the interna! combustion engine 1 is being cut off is determined as the state immediately 
20 alter the supply of fuel is cut off. 

[0358] If the internal combustion engine 1 is in the state immediately after the supply of fuel is cut off (including the 
state in which the supply of fuel to ihe internal combustion engine 1 is being cut off) in STEPlO-1-5, then the limiter 
30 sets the idling upper limit AHFI and a non-idling upper limit AHF to the upper-limit fifth predetemnined value AFCH 
which is the upper limit of the allowable range after FC/start/operation with lean mixture (see FIG. 18) in STEPlO-1-6. 
2S In STEP1 0-1-6, the limiter 30 also sots the idling lower limit ALFI to the lower-limit third predetermined value LI which 
is the lower limit of the allowable range for idling and sets the non-idling lower limit ALF to the present value of the 
adaptive lower limit a1 (the adaptive lower limit al(k-l) determined in the preceding control cycle). After STEPlO-1-6, 
control goes back to the routine shown in FIG. 19. 

[0359] In STEP10-1 -6, the allowable range for limiting the demand differential air-fuel ratio usI is set to the allowable 
30 range after FC/start/operation with lean mixture whose kuwer limit is fixed to the lower-limit third predetermined value 
LI which is the lower limit of the allowable range for idling if the internal combustion engine 1 is in the idling state. If 
the internal combustion engine 1 is in an operating state other than the idling state, then the allowable range for limiting 
the demand differential air-fuel ratio usI is set to the allowable range after FC/start/operation with lean mixture whose 
lower limit is set to the sequentially variable adaptive lower limit al. At any rate, the allowable range for limiting the 
35 demand differential air-luel ratio usl is set to a range which is widest at its upper limit, or more generally, a range whose 
upper limit is not lower than the upper-limit fifth predetermined value AFCH. 

[0360] If the internal combustion engine 1 is not in the state immediately after the supply of fuel is cut off in 
STEP10-1-5. then the limiter 30 determines whether the internal combustion engine 1 is in a slate immediately after 
it starts or not, i.e., whether the time that has elapsed after the start of the internal combustion engine 1 (more specif- 
^0 ically. after the confirmation of the full fuel combustion in the internal combustion engine 1 ) does not reach a predeter- 
mined time or not. in STEP10-1-7. 

[0361] In this case, data indicative of whether the internal combustion engine 1 starts or not. i.e., whether the full 
fuel combustion in the internal combustion engine 1 is confirmed or not, is given from the engine-side control unit 7b 
to the exhaust-side control unit 7a. The limiter 30 activates a timer (not shown) from the time when it recognizes the 

45 start of the internal combustion engine 1 based on the data, tor thereby measuring the time that has elapsed from the 
start of the internal combustion engine 1. The limiter 30 determines a period until the elapsed time reaches a prede- 
termined time (fixed value) as the stale immediately after the internal combustion engine 1 starts. 
[0362] II the internal combustion engine 1 is in the stale immediately after it starts in STEP10-1-7. then the limiter 
30 carries out STEPlO-1-6 to set the idling upper limit AHFI, the non-idling upper limit AHF, the idling lower limit ALFI, 

50 and the non-idling lower limit ALF as described above, after which control returns to the routine shown in FIG. 19. 

[0363] II the internal combustion engine 1 is not in the state immediately after it starts in STEPI 0-1-7, then the limiter 
30 determines whether the internal combustion engine 1 is in a state immediately after the end of its lean operation 
mode or not. i.e.: whether the lime that has elapsed after the operation mode of the internal combustion engine 1 
changes from the lean operation mode to the normal operation mode has reached a predetermined time or not, in 

ss STEP10-1-8. 

[0364] In this case, data indicative of whether the internal combustion engine 1 is in the lean operation mode or not 
is given from the engine-side control unit 7b to the exhaust-side control unit 7a. The limiter 30 activates a timer (not 
shown) from the time when it recognizes the end of the lean operation mode based on the data, for thereby measuring 
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the time that has elapsed from the start ot the timer The limiter 30 determines a period until the elapsed time reaches 
a predetermined time (fixed value) as the state immediately after the end of its lean operation mode, more specifically, 
the stale immediately after the operation mode of the internal combustion engine 1 changes from the lean operation 
mode to the normal operation mode. 
s [0365] If the internal combustion engine 1 is in the state immediately after the end of its lean operation mode in 
STEP10-1-8. then the limiter 30 carries out STEPlO-1-6 to set the idling upper limit AHFI. the non-idling upper limit 
AHR the idling tower limit ALFI, and the non-idling lower limit ALF as described above, after which control returns to 
the routine shown in FIG. 19. 

[0366] If the internal combustion engine 1 is not In the state immediately after the end of its lean operation mode in 
10 STEPlO-1-8, then the limiter 30 determines whether the internal combustion engine 1 is in its idling state or not in 
STEPlO-1-9. 

[0367] In this case, data indicative of whether the internal combustion engine 1 is in its idling state or not is given 
from the engine-side control unit 7b to the exhaust-side control unit 7a. The limiter 30 determines whether the internal 
combustion engine 1 is in its idling state or not based on the data. 

IS [0368] It the internal combustion engine 1 is in the idling state (at this time, the SLD control status is not in the low- 
level unstable state or the high-level unstable state, or the internal combustion engine 1 is not in the state immediately 
after the supply of fuel is cut off. or immediately after it starts, or immediately after the end of the lean operation mode), 
then the limiter 30 sets the idling upper limit AHFI to the upper-limit second predetermined value HI which is the upper 
limit of the allowable range for idling, and also sets the idling lower limit ALFI to the lower-limit third predetermined 

20 value LI which is the lower limit of the allowable range for idling in STEP10-1-10. Thereafter, control returns to the 
routine shown in FIG. 19. 

[0369] In STEPlO-1-10, the allowable range for limiting the demand differential air-fuel ratio usi is set to the fixed 
allowable range for idling. 

[0370] If the internal combustion engine 1 is not in the idling state (at this time, the SLD control status is not in the 
25 low-level unstable state or the high-level unstable state, or the internal combustion engine 1 is not in the state imme- 
diately after the supply of fuel is cut off, or immediately after It starts, or immediately after the end of the lean operation 
mode, or the internal combustion engine 1 is not idling), then the limiter 30 performs a process of limiting the present 
value ah(k-l) (the value determined in the preceding control cycle) of the adaptive upper limit ah to a value in a range 
between the upper-limit first predetermined value STABH and the upper-limit fourth predetermined value HH (see FIG. 
30 18). i.e., a process of limiting the adaptive upper limit ah. in STEPlO-1-11 through STEPlO-1-14 described below. 

[0371] If the present value ah(k-l) of the adaptive upper limit ah is smaller than the upper-limit first predetermined 
value STABH in STEP10-1-11. then the limiter 30 sets the present value ah(k-l) forcibly to the upper-limit first prede- 
termined value STABH in STEP 10- 1-1 2, If the present value ah(k'l) of the adaptive upper limit ah is greater than the 
upper-limit fourth predetermined value HH in STEPIO-1-13, then the limiter 30 sets the present value ah(k-l) forcibly 
35 to the upper-limit fourth predetermined value HH in STEP 10-1 -14. Otherwise, the limiter 30 maintains the present value 
ah(k-l) of the adaptive upper limit ah. 

[0372] Similarly, the limiter 30 perform a process of limiting the present value al(k-l) of the adaptive lower limit al to 
a value in a range between the lower-limit first predetermined value STABL and the lower-limit fifth predetermined 
value LL (see FIG. 18): i.e., a process of limiting the adaptive lower limit al in STEPI 0-1 -15 through STEPlO-1-13. 
40 The values al, STABL, LL are negative values. 

[0373] After having limited the ranges for the present upper value ah(k-l) and the present lower value al(k-l), the 
limiter 30 sets the non-idling upper limit AHF and the non-idling lower limit ALF respectively to the adaptive upper limit 
ah(k-l) and the adaptive lower limit al(k-l) in STEP10-1-19. 

[0374] The limiter 30 then determines whether the vehicle is in a state immediately after its start or not. i.e.. whether 
45 the time that has elapsed after the internal combustion engine 1 starts to operate drive wheels of the vehicle which 
serves as a load on the internal combustion engine 1 has not reached a predetermined time or not, in STEP10-1-20. 
[0375] The decision in STEPI 0-1 -20 is carried out as follows: In the present embodiment, the data indicative of 
whether the internal combustion engine 1 is In the Idling state and also data indicative of the speed of the vehk:le are 
given from the engine-side control unit 7b to the exhaust-side control unit 7a. Based on these data, the limiter 30 
50 recognizes a state in which the internal combustion engine 1 is idling and the vehicle speed is substantially '0', i.e.. a 
parked or stopped state of the vehicle, and recognizes a start of the vehicle when the vehicle speed exceeds a pre- 
determined value (sufficiently small value) from the parked or stopped state of the vehicle. The limiter 30 measures 
the time that has elapsed from the recognized start of the vehicle with a timer (not shown), and recognizes a period 
until the elapsed time reaches a predetermined time as the state immediately after the start of the vehicle. 
55 [0376] If the vehicle is in the state immediately after its start in STEPI 0-1 -20, then the limiter 30 sets the non-idling 
lower limit ALF to the lower-limit second predetermined value VSTL which is the lower limit of the allowable range after 
being driven under load (see FIG. 18) in STEPlO-1-21 . after which control returns to the routine shown in FIG. 19. 
[0377] If the vehicle Is not in the state immediately after its start in STEP10-1-20, then the limiter 30 maintains the 
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non-idling upper limit AHF and the non-idling lower limit ALF established in STEPlO-1-19, atter which control returns 

to the routine shown in FIG. 19. 

[0378] In STEP1 0-1 -19 through STEPlO-1-21. if the SLD control status is not in the low-level unstable state or the 
high-level unstable state, or the internal combustion engine 1 is not in the state Immediately after the supply of fuel is 

s cut off. or immediately after it starts, or immediately after the end of the lean operation mode, or the internal combustion 
engine 1 is not idling, and if the vehicle is not in the state immediately after its start (in a normal case), the allowable 
range for limiting the demand differential air-fuel ratio usi is set to the adaptive allowable range whose upper limit 
(adaptive upper limit ah) and lower limit (adaptive lower limit al) are sequentially varied, as described later on. If the 
vehicle is in the stale immediately after its start, then the allowable range for limiting the demand differential air-fuel 

10 ratio usI is set to the allowable range after being driven under bad» i.e., a range whose lower limit is relative narrow, 
or more generally, a range whose lower limit is not smaller than the lower-limit second predetermined value VSTL 
[0379] Referring back to FIG. 19, after the allowable range for limiting the demand differential air-fuel ratio usi has 
been determined, the limrlcr 30 determines whether the internal combustion engine 1 is in its idling state or not in 
STEPlO-2. 

?5 [0380] It the inlemal combusiion engine 1 is in its idling state, then the limiter 30 limits the demand differential air- 
luel ratio usI to the allowable f^ngc (normally the allowable range tor idling) determined by the idling upper limit AHFl 
and the idling lower limn ALU which hnve been set in either one of STEPlO-1-2, STEP10-1-4, STEP10-1-6, and 
STEPlO-1-10 (normnii^ STEP 10-1 10/ lor thereby determining the command differential air-fuel ratio kcmd in 
STEPlO-3 through STE*^iO 7 

20 [0381] SpecilicaUy it o«.*»r»-i'iu a«!«<.''o?»ii-il air-fuel ratio usI generated by the sliding mode controller 27 in STEPS 
(see FIG. 8) deviates f'i * ■ i' a •■ v . jv beyond the idling lower limit ALFI (negative) (usI < ALF! ), then the !irn;ter 
30 limits the value ol iho ox:ni^i\is j.ncicni^ti rtir-fuel ratio usI to Ihe idling lower limit ALFI in STEPlO-3and STEPlO-4. 
It the demand differential fyci inro usi cievi-tles from the allowable range beyond the idling upper limit AHFl (positive) 
(usI > AHFl), then the limiiof ^0 wniii lue v«i»i-c of the demand differential air-fuel ratio usI to the idling upper limit AHFl 

2S in STEP10-5 and STEPiO 6 t l^c dcm-mcj drfforcntial air-fuel ratio usI falls in the allowable range (ALFI < usI < AHFl), 
then the limiter 30 sets iho Oonv^na <iiflo«ontial air-fuel ratio us) as the command differential air-fuel ratio kcmd in 
STEPlO-7. 

[0382] If the demand diflofo^^iwi rt« -'uo< tnivo usI deviates from the allowable range between the idling upper limit 
AHFl and the idling lowot utui Al Fi r» SIFPiO-S or STEP10-5. then in order to prevent the value of the adaptive control 

30 law input uadp determinoc wtmr ifv? skfj»ng mode controller 27 is generating the demand differential air-fuel ratio usI 
from becoming larger than noccss^iry the hmiter 30 sets the integrated value of the switching function o bar (see 
STEP8-2 in FIG. 15) forcoV to the tniccpHied value determined in the preceding control cycle in STEP10-B. If the 
limiter 30 limits the demand dificrentui air-fuel ratio usI while the internal combustion engine 1 is idling, the present 
values of the adaptive upper ar>c lower i»mits ah, al are maintained in STEP1 0-9. After STEP10-3 through STEP10-9, 

35 control returns to the main routirx? shown in FIG. 8. 

[0383] If the internal combuston cng»nc 1 is not in its idling state, then the limiter 30 limits the demand differential 
air-fuel ratio usl to the allowable raogfc (r>ormal)y the adaptive allowable range) determined by the non-idling upper 
limit AHF and the non-idling tower imrt ALF which have been set in either one of STEP10-1-2. STEP10-1-4, 
STEP10-1-6, STEPlO-1-19. and STEPiO-1-21 (normally STEP10-1-19). for thereby determining the command differ- 

40 ential air-fuel ratio kcmd in STEPiO-lC ih-ough STEP10-14. 

[0384] Specifically, if the demand dtflcrcntial air-fuel ratio usl generated by the sliding mode controller 27 in STEPS 
(see FIG. 8) deviates from the altowabic range beyond the non-idling lower limit ALF (negative) (usl < ALF). then the 
limiter 30 limits the value of the demand differential air-fuel ratio usl to the non-idling lower limit ALF in STEP 10- 10 and 
STEP10-11. If the demand ditlerenlial air-tuel ratio usl deviates from the allowable range beyond the non-idling upper 

"f^ limit AHF (positive) (usl > AHF). then Ihe limiier 30 limits the value of the demand differential air-fuel ratio usl to the 
non-idling upper limit AHF in STE P 10-12 and STEP1 0-1 3. It the demand differential air-fuel ratio usl falls in the allowable 
range (ALF < usl < AHF), then the Iimiier 30 sets the demand differential air-fuel ratio usl as the command differential 
air-fuel ratio kcmd in STEPlO-14. 

[0385] in case the demand differential ait -fuel ratio usl is limited by the allowable range determined by the non-tdling 
so upper limit AHF and the non-idling lower limit ALF, the limiter 30 then updates (changes) the values of the adaptive 

upper and fower limits ah, al relative to the adaptive allowable range in STEPlO-15 through STEP10-19. 

[0386] Specifically, if the demand differential air-fuel ratio usl falls in the allowable range in STEPIO-10 and 

STEP10-12, i.e., if STEPIO- 14 is executed, then the limiter 30 adds a predetermined change ADEC (> 0. hereinafter 

referred to as a "decreasing unit change ADEC) to the present value a((k-1) of the adaptive lower limit al for thereby 
55 determining a new adaptive lower limit al(k) in STEP10-1 5. In STEPI 0-15, the limiter 30 also subtracts the decreasing 

unit change ADEC from the present value ah(k-l) of the adaptive upper limit ah for thereby determining a new adaptive 

upper limit ah(k). 

[0387] If the demand differential air-fuel ratio usl deviates from the allowable range beyond the non-idling lower limit 
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ALF (negative), i.e.. if STEP10-11 is executed, then the limiter 30 determines whether the vehicle is in a state imme- 
diately after its start or not in STEPlO-16. It the vehicle is not in the stale immediately after its start, then the limiter 30 
subtracts a predetermined change AINC {> 0. hereinafter referred to as an "increasing unit change AINC) from the 
present value al{k-l ) of the adaptive lower limit al for thereby determining a new adaptive lower limit al(k) in STEP10-17. 
5 In STEPlO-17, the limiter 30 also subtracts the decreasing unit change ADEC from the present value ah(k-l) of the 
adaptive upper limit ah for thereby determining a new adaptive upper limit ah(k). 

[0388] If the vehicle is in the state immediately after its start in STEP10-16, then the present values of the adaptive 
upper and lower limits ah, al are maintained in STEP 10-1 8. 

10389] In the present embodiment, the decreasing unit change ADEC and the increasing unit change AINC are related 

10 to Ortch other such that ADEC < AINC. 

[0390] If the demand differential air-fuel ratio usl deviates from the allowable range beyond the non-idling upper limit 
AHF (positive), then the limiter 30 determines whether the internal combustion engine 1 is in the state immediately 
after the supply of fuel is cut off or not (including v^tle the supply of fuel is being cut off or not), or whether the internal 
combustion engine 1 is in the state immediately after it starts or not, or whether the internal combustion engine 1 is in 

15 the stale immediately after the end of Its lean operation mode or not in STEP 10-1 9. If the internal combustion engine 
1 IS not in any of these states, then the limiter 30 adds the increasing unit change AINC to the present value ah(k-l) 
of the adaptive upper limit ah for thereby determining a new adaptive upper limit ah(k) in STEP10-20. In STEP10-20, 
the limiier 30 also adds the decreasing unit change aDEC to the present value al(k-1 ) of the adaptive lower limit al for 
thereby determining a new adaptive lower Umii al(k). 

20 (039 1) If ihe internal combustion engine 1 is in either one of the slates in STEP 10-1 9, then the present values of the 
ndrtpiivu upper and lower limits ah. al are mainiained in STEPlO-21. 

[0392] If the demand differential air-fuel ratio usl deviates from the allowable range determined by the non-idling 
upper limit AHF and the non-idling lower limit ALF in STEPlO-10 or STEPlO-12. then the limiter 30 sets the integrated 
value of the switching function a bar (see STEP 8-2 in FIG. 15) forcibly to the integrated value determined in the 

25 preceding control cycle in STEPlO-22. After STEPlO-22. control returns to the main routine shown in FIG. 8. 

[0393] In the present embodiment, the initial values of the adaptive upper and lower limits ah, al when the exhaust- 
side control unit 7a is activated, i.e., when the vehicle starts operating, are respectively the lower-limit fourth predeter- 
mined value L and the upper-limit third predetermined value H. That is. the initial range of the adaptive allowable range 
is the same as the allowable range for unstable low level. 

30 [0394} in the present embodiment . if the SLD control status is in the low-level or high-level unstable state when the 
internal combustion engine 1 is in an operating state other than the idling state, the adaptive upper and lower limits 
ah. alare updated in STEP10-15. STEPiO-17. STEPlO-20. In the above unstable state, the adaptive upper and bwer 
limits ah. al are forcibly set to fixed predetermined values, i.e.. the upper-limit first predetermined value STABH. etc. 
corresponding to the allowable range for unstable low level and the allowable range for unstable high level, by the 

35 processing of STEPl 0-1 -2 or STEPI 0-1 -4 (see FIG. 20) in a next control cycle. Therefore, if the SLD control status is 
in the low-level or high-level unstable state, then the processing of STEP10-15, STEPlO-17, STEPlO-20 may be omit- 
ted. 

[0395] The command differential air-fuel ratio kcmd determined in each control cycle by the limiting process in 
STEPI 0 is stored in a time-series fashion in a memory (not shown), and will be used for the above processing operation 
40 of the estimator 26. 

[0396] According to the limiting process in STEPI 0. while the internal combustion engine 1 is in the idling state, 
either one of the fixed allowable ranges including the allowable range for unstable low level, the allowable range for 
unstable high level, the allowable range after FC/start/operalion with lean mixture (specifically, the alkDwable range 
after FC/start/ope ration with lean mixture whose lower limit is fixed to the lower-limit third predetermined value LI (see 
45 FIG. 1 8)). and the allowable range for idling, is established as the allowable range for limiting the demand differential 
air-fuel ratio usl (normally the allowable range for idling is established) depending on the SLD control status and the 
operating state of the internal combustion engine 1. The demand differential air-tuel ratio usl is limited by the estab- 
lished allowable range to determine the command differential air-fuel ratio kcmd. 

[0397] When the internal combustion engine 1 is in an operating state other than the idling state, either one of the 
50 allowable ranges including the allowable range for unstable low level, the allowable range for unstable high level, the 
allowable range after FC/start/ope ration with lean mixture (specifically, the allowable range after FC/start/operation 
with lean mixture whose lower limit is set to the variable adaptive lower limit al), the allowable range after being driven 
under load, and the adaptive allowable range is established as the allowable range for limiting the demand differential 
air-fuel ratio usl (normally the adaptive allowable range is established) depending on the SLD control status and the 
55 Operating state of the internal combustion engine 1 . The demand differential air-fuel ratio usl is limited by the established 
allowable range to determine the command differential air-fuel ratio kcmd. 

[0398] Regardless of whether the internal combustion engine 1 is in an operating state other than the idling state or 
in the idling state, when the determined stability of the SLD control status is in the high-level unstable state, the allowable 
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range for limiting the demand differential air-fuel ratio usi is set to the narrowest allowable range for unstable high level 
whose upper limil AHF or AHFI and lower limit ALF or ALFI are set respectively to the fixed upper-limit first predeter- 
mined value STABH and the fixed lower-limit first predetermined value STABL in STEP 10-1 -2, 
[0399] if the SLD control status is in the low-level unstable state and the internal combustion engine 1 is in an oper- 
s ating state other than the idling state, then the allowable range (or limiting the demand diflerential air-luel ratio us) is 
set to the allowable range for unstable low level, which has a standard extent, whose upper and lower limits AHF. ALF 
are set respectively to the upper-limit third predetermined value H and the lower-limit fourth predetermined value L in 
STEP10-1-4. 

[0400] If the SLD control status is not in the high-level unstable state, or the internal combustion engine 1 is not in 

10 the state immediately after the supply of fuel is cut off, or immediately after it starts, or immediately after the end of the 
lean operation mode, or the vehicle is not in the state immediately after it starts, and the internal combustion engine 
1 is in the idling state, then the allowable range for limiting the demand differential air-fuel ratio usI is set to the relatively 
narrow allowable range for idling whose upper and lower limits AHFI, ALFI are set respectively to the fixed upper-limit 
second predetermined value HI and the fixed lower-limit third predetermined value LI in STEPlO-1-4. STEP10-1-10. 

'5 [0401] If in the normal state, i.e., it the SLD control status is not in the high-level unstable stale or in the low level 
unstable state, or the internal combustion engine 1 is not in the state immediately after the supply ot fuel is cut off, or 
immediately after it starts, or immediately after the end ot the lean operation mode, or not in the idl-ing state, or the 
vehicle is not in the slate immediately after it starts, then the allowable range for limiting the demand differential air- 
fuel ratio usl is set to the adaptive allowable range whose upper and lower limits AHF, ALF are set respectively to the 

20 adaptive upper and lower limits ah, al in STEP 10- 1-1 9. 

[0402] tn the adaptive allowable range, it the demand diHerential air -fuel ratio usl is in the adaptive aKowab)e range 
(at this time, kcmd = usl), then after the limiting process, the adaptive upper and lower limits ah. al of the adaptive 
allowable range are updated in such a direction that they decrease by the decreasing unit change z^DEC in each control 
cycle to respective limits provided by the upper-limit first predetermined value STABH and the lower-limit first prede- 

25 termined value STABL in STEP10-15. 

[0403] If the demand differentia} air-fuel ratio usl deviates from the adaptive allowable range beyond the upper limit 
thereof {at this time, kcmd = ah(k-l), then after the limiting process, the adaptive upper limit ah is updated in such a 
direction that the upper limit of the adaptive allowable range increases, by the increasing unit change AINC in each 
control cycle to a limit provided by the upper-limit fourth predetermined value HH in STEPlO-20. At the same time, the 

30 adaptive lower limit al is updated in such a direction that the lower limit of the adaptive allowable range decreases, by 
the decreasing unit change ADEC in each control cycle to a limit provided by the lower-limit first predetermined value 
STABL. 

[0404] Similarly, if the demand differential atr-fuel ratio usl deviates from the adaptive allowable range beyond the 
lower limit thereof (at this time, kcmd = al(k-l). then after the limiting process, the adaptive lower limit al is updated in 
35 such a direction that the lower limit of the adaptive allowable range increases, by the increasing unit change AlNC in 
each control cycle to a limit provided by the lower-limit fifth predetermined value LL in STEPlO-17. At the same time, 
the adaptive upper limit ah is updated in such a direction that the upper limit ot the adaptive allowable range decreases, 
by the decreasing unit change ADEC in each control cycle to a limit provided by the upper-limit first predetermined 
value STABH. 

•^0 [0405] The manner in which the adaptive allowable range thus changes with time and also the manner in which the 
demand differential air-fuel ratio usl changes with time are illustrated in FIG. 21 . As shown in FIG. 21 , when the demand 
differential air-fuel ratio usl lies in the adaptive allowable range (al < usl < ah), both the adaptive upper and lower limits 
ah. al are updated in such a direction that the adaptive allowable range decreases, for thereby progressively reducing 
the upper and lower limits of the adaptive allowable range. 

^5 [0406] If the demand differential air-fuel ratio usl deviates from the adaptive allowable range beyond either one of 
the adaptive upper and lower limits ah, al (usl > ah or usl < al), one of the adaptive upper and lower limits ah, al beyond 
which the demand differential air-fuel ratio usl deviates is updated in such a direction that the adaptive allowable range 
increases, and hence progressively increases. At the same time, the other of the adaptive upper and lower limits ah, 
al is updated in such a direction that the adaptive allowable range decreases, and hence progressively decreases. 

so [0407] Except when the SLD control status is in the high-level unstable state or in the low-level unstable state, it the 
internal combustion engine 1 is in the state immediately atter the supply of fuel is cut off. or immediately after it starts, 
or immediately after the end of the lean operation mode, then the allowable range for limiting the demand differential 
air-fuel ratio usl is set to the allowable range after FC/start/operation with lean mixture, i.e., the allowable range whose 
upper limit is widest, whose upper limit AHF or AHFI is set to the fixed upper-limit fifth predetermined value AFCH. 

55 Thus, the upper limit AHF or AHFI is inhibited from having a value beyond the upper-limit fifth predetermined value 
AFCH in the direction to reduce the allowable range in STEPlO-1-6. 

[0408] In the allowable range after FC/start/operation with lean mixture, if the internal combustion engine 1 is in the 
idling state: then the lower limit ALFI is set to the fixed lower-limit third predetermined value LI which is the lower limit 
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of the allowable range for Idling. If the Internal combustion engine 1 is in an operating state other than the idling state, 
then the lower limit ALFI of the allowable range after FC/start/operation with lean mixture is set to the variable adaptive 
lower limit al. The lower limit ALF (= al) is updated in each control cycle exactly in the same manner as the adaptive 
lower limit al of the adaptive allowable range depending on how the demand differential air-fuel ratio usi deviates from 
5 the allowable range after FC/start/operation with lean mixture, except when the demand differential air-fuel ratio usI 
deviates from the allowable range after FC/start/operation with lean mixture beyond its upper limit in STEP10-15. 
STEP10-17. STEP10-21. 

[0409] The manner in which the allowable range after FC, of the allowable range after FC/start/operation with lean 
mixture, established as the allowable range changes with time and also the manner in which the demand differential 
10 air-fuel ratio usI changes with time are shown in FIG. 22. Likewise, the manner in which the allowable range after start 
changes with time and the manner in which the allowable range after operation with lean mixture changes with time 
are shown in FIGS. 23 and 24. respectively. 

[0410] As shown in FIG. 22. when the supply of fuel to the internal combustion engine 1 starts being cut off, the 
allowable range after FC is set up as the allowable range for limiting the demand differential air-fuel ratio us! until a 

?5 predetermined time elapses after the supply of fuel is cut off, and the upper limit AHF thereof is fixedly maintained at 
the upper-limit fifth predetermined value AFCH. Therefore, the upper limit of the allowable range (the allowable range 
after FC) is made wide. In the Illustrated example, the Internal combustion engine 1 is In an operating state other than 
the idling state, and the lower limit ALF of the allowable range after FC Is set to the adaptive lower limit ai. Basically 
the lower limit ALF of the adaptive lower limit al is sequentially updated in the same manner as with the adaptive 

20 allowable range. However, if the demand differential air-fuel ratio usI exceeds the upper limit AHF (= AFCH) of the 
allowable range after FC when the internal combustion engine 1 is in the state immediately after the supply of fuel is 
cut off (including the state in which the supply of fuel is being cut off), the lower limit ALF (= al) of the adaptive lower 
limit al is maintained at a constant value (not updated) according to the processing of STEP10-21. 
[041 1] In FIG. 22, the allowable range before the supply of fuel starts being cut off and after elapse of a predetermined 

25 time after the supply of fuel is cut off is set to the adaptive allowable range (normal operating state). In this embodiment, 
since the state in which the supply of fuel is being cut off is included in the state immediately after the supply of fuel is 
cut off, the allowable range from the start of the cutting-off of the supply of fuel is set to the allowable range after FC 
and its upper limit AHF is set to the upper-limit fifth predetermined value AFCH. However, while the supply of fuel is 
being cut off, the air-fuel ratio is not manipulated according to the target air-fuel ratio KCMD generated by the target 

30 air-fuel ratio generator 28. Therefore, the allowable range while the supply of fuel is being cut off may be any arbitrary 
allowable range, and may not necessarily be the allowable range after FC. Alternatively, while the supply of fuel is 
being cut off. the process of limiting the demand differential air-fuel ratio usI may not be carried out. 
[0412] The allowable range after start is set up as follows: As shown in FIG. 23, when the processing of the target 
air-fuel ratio generator 28 starts after the Internal combustion engine 1 starts to operate (the processing of the target 

35 air-fuel ratio generator 28 starts basically when the activation of both the Og sensor 6 and the LAF sensor 5 is confirmed, 
see FIG. 9). the demand differential air-fuel ratio usI starts being calculated. The allowable range for limiting the demand 
differential air-fuel ratio usl is set to the allowable range after start. The upper limit AHFI thereof (In the illustrated 
example, the operating state of the internal combustion engine 1 after it starts is the idling state) Is fixedly maintained 
at the upper-limit fifth predetermined value AFCH (whose upper limit Is wide) until a predetermined time elapses after 

40 the internal combustion engine 1 starts. Since the internal combustion engine 1 Is in the idling state at this time, the 
lower limit ALFI of the allowable range after start is set to the lower-limit third predetermined value LI. 
[0413] If the internal combustion engine 1 after it staris Is kept in the Idling state, then the allowable range after 
elapse of the predetermined time after the start of the internal combustion engine 1 Is basically set to the allowable 
range for Idling (AHFI ~ HI. ALFI = LI) as shown. 

45 [0414] The allowable range after operation with lean mixture is set up as follows: As shown in FIG. 24, when the 
operation mode of the internal combustion engine 1 changes from the lean operation mode to the normal operation 
mode, the processing operation of the target air-fuel ratio generator 28 and the manipulation of the air-fuel ratio ac- 
cording to the target air-fuel ratio KCMD generated by the target air-fuel ratio generator 28 are resumed. Until a pre- 
determined time elapses after the processing operation of the target air-fuel ratio generator 28 and the manipulation 

50 of the air-fuel ratio according to the target air-fuel ratio KCf^D generated by the target air-fuel ratio generator 28 are 
resumed (immediately after the end of the lean operation mode), the allowable range after operation with lean mixture 
is set up as the allowable range for limiting the demand differential air-fuel ratio usl. and its upper limit AHF is fixedly 
maintained at the upper-limit fifth predetermined value AFCH. Therefore, the upper limit of the allowable range (the 
allowable range after operation with lean mixture) is made wide. In the illustrated example, the operating state of the 

55 internal combustion engine 1 after the lean operation mode is a normal operating state other than the idling state, and 
the lower limit ALF of the allowable range after operation with lean mixture is set to the adaptive lower limit al and 
sequentially updated in the same manner as with the adaptive allowable range. However, if the demand differential 
air-fuel ratio usl exceeds the upper limit AHF {= AFCH) of the allowable range after operation with lean mixture, the 
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lower limit ALF (= al) of the allowable range after operation with lean nnixture is kept constant according to the processing 
in STEP10-21. 

[0415] In the lean operation mode, inasmuch as the processing operation of the target air-fuel ratio generator 28 is 
not carried out, the demand differential air-fuel ratio usi and the upper and lower limits AHR ALF of the allowable range 

5 are kept at values immediately prior to the start of the lean operation mode. In the present embodiment, the period in 
which the allowable range after operation with lean mixture is set up as the allowable range for limiting the demand 
differential air-fuel ratio usI extends until the predetermined time elapses after the end of the lean operation mode. 
However, the allowable range after operation with lean mixture may be set up until the estimated differential output 
V02 bar sequentially determined by the estimator 26 after the end of the lean operation mode, for example, i.e., the 

'0 cstinrv^tod value of the output ot the O2 sensor 6 determined by the estimated differential output V02 bar becomes 
subsinniiatly equal to the air-fuel ratio reference value FLAF/BASE. 

[0416] H the SLD control status is not in the low-level unstable state or the high-level unstable stale, or the internal 
combustion engine 1 is not in the state immediately after the supply of fuel is cut off. or immediately after it starts, or 
immediately after the end of the lean operation mode, or the vehicle with the internal combustion engine 1 is in the 

IS stale immediately after it stans (at this lime, Ihe internal combustion engine 1 is not idling), then the allowable range 
for limiting the demand differential air-fuel ratio usI is set to the allowable range after being driven under load (whose 
lower limit is narrow) which has the lower limit ALF set to the lower-limit second predetermined value VSTL, and the 
lower limit ALF is inhibited from having a value beyond the lower-tlmit second predetermined value VSTL in the direction 
to increase the allowable range in STEPlO-1-21. 

20 [0417] In the allowable range after being driven under load, the upper limit AHF is set to the variable adaptive upper 
Jifnii nil n STEPlO-1-19. The upper limil AHF (= ah) is updated in each control cycle exactly in the same manner as 
the adaptive upper limit ah of the adaptive allowable range depending on how the demand differential air-fuel ratio usI 
deviates from the allowable range after being driven under load, except when the demand differential air-fuel ratio usI 
deviates from the allowable range after being driven under load beyond its lower limit in STEPlO-15, STEP10-18, 

25 STEPlO-20. 

[0418] The manner in which the allowable range after being driven under load established as the allowable range 
changes w/th lime and also the manner in which the demand differential air-luel ratio usI changes with time are shown 
in FIG 25. 

[0419] As shown in FIG. 25. when the vehicle starts running from the idling state of the internal combustion engine 
30 1 (the internal combustion engine 1 starts to drive its load), the allowable range is set to the allowable range after being 
driven under toad and has its lower limit ALF fixedly maintained at the lower-limit second predetermined value VSTL 
until a predetermined time elapses after the vehicle starts running immediately after the vehicle starts running). There- 
fore, the lower Jimil of the allowable range (the allowable range after being driven under load) is made relatively narrow. 
In this case, the upper limit AHF of the allowable range after being driven under load is set to the adaptive upper limit 
35 ah and sequentially updated in the same manner as with the adaptive allowable range. 

[0420] While the internal combustion engine 1 is idling before the vehicle starts running, the allowable range is nor* 
many set to the allowable range for idling (AHFI = HL ALFI = LI). In FIG. 25. the allowable range after elapse of the 
predetermined lime after the vehicle starts running is set to the adaptive allowable range (normal state). 
[0421] The details of the limiting process carried out in STEP 10 have been described above. 
40 [0422] Reterring back to FIG. 6, the adder 31 in the target air-fuel ratio generator 28 adds the air-fuel ratio reference 
value FLAF/BASE (more specifically, the air-luel ratio reference value FLAF/BASE determined by the reference value 
setting unit 11 in STEP12. described later on, in the preceding control cycle) to the command differential air-fuel ratio 
kcmd determined by the limiter 30 for thereby determining a target air-fuel ratio KCfs^D in the present control cycle vn 
STEP11. 

■^5 [0423] The target a/r-fuel ratio KCMD thus determined is stored in a lime-series fashion in a memory (not shown) in 
each control cycle. When the engine-side control unit 7b uses the target air-fuel ratio KCMD determined by the target 
air-fuel ratio generator 28 of the exhaust-side control unit 7a (see STEPf In FIG. 6), the latest target air-fuel ratio KCMD 
stored in the time-series fashion is selected. 

[0424] Then, the target air-fuel ratio generator 26 carries out a process of setting (updating) the air-fuel ratio reference 
so value FLAF/BASE with the reference value setting unit 11 in STEP12, after which the processing in the present control 

cycle is finished, 

[0425] In the present embodiment, the air-fuel ratio reference value FLAF/BASE is defined as the sum of a prede- 
termined fixed component ftaf/basc (hereinafter referred to as a "reference value fixed component flat/base") and a 
variable component flaf/adp (hereinafter referred to as a "reference value variable component flaf/adp"), i.e.. FLAF/ 
55 BASE = flaf/base + flal/adp. For variably setting up the air-fuel ratio reference value FLAF/BASE. the value of the 
reference value variable component flaf/adp is adjusted. In the present embodiment, the reference value fixed com- 
ponent flaf/base is regarded as a 'stoichiometric air-fuel ratio'. 

[0426] The processing of STEP1 2 is carried out according to a flowchart shown in FIG. 26. 
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[0427] The reference value setting unit 11 determines whether the differential output V02 of the O2 sensor 6 is of 
value within a predetermined range near "O* (a range whose lower and upper limits are set respectively to fixed values 
ADL (< 0), ADH (> 0), hereinafter referred to as a 'convergence determining range") or not in STEP12-1. Stated oth- 
erwise, the reference value setting unit 11 determines whether the output V02/0UT of the O2 sensor 6 is converged 

5 substantially to its target value V02/TARGET or not. In the present embodiment, the absolute values of the tower and 
upper limits ADL. ADH of the convergence determining range are identical to each other (lADLl = lADHI). 
[0428] If the differential output V02 falls in the convergence determining range (ADL < V02 < ADH) and hence the 
output V02/0UT of the O2 sensor 6 is converged substantially to the target value V02/TARGET, then the reference 
value setting unit 1 1 compares the value of the stability determining basic parameter Pstb (see STEP9-1 shown in FIG. 

10 16) determined by the limiter 30 in STEP9 (the process of determining the stability of the SLD control status) with a 
predetermined value 6 (> 0) in STEPI 2-2. for thereby determining the stability of the SLD control status as in STEP9-4 
shown in FIG. 16. 

[0429] The predetermined value 6 to be compared with the stability determining basic parameter Pstb in STEP12-2 
is smaller than the predetermined value e used in STEP9-4 shown in FIG. 16, thus making stricter the condition to 

^s determine that the SLD control status is stable. 

[0430] If Pstb < 6. determining that the SLD control status is stable, then the reference value setting unit 11 adjust 
the reference value variable component flaf/adp depending on the adaptive control law input uadp (the adaptive control 
law component of the demand differential air-fuel ratio usi) determined by the sliding mode controller 27 in STEP8-3 
shown in FiG. 15 in STEPI 2-3 through STEP12-7. 

20 [0431] More specifically: the reference value setting unit 11 compares the value of the adaptive control law input 
uadp with a predetermined range near "0" (a range whose lower and upper limits are set respectively to predetermined 
(fixed) values NRL (< 0), NRH (> 0). hereinafter referred to as a "reference value adjusting dead zone") or not in 
STEPI 2-3, STEPI 2-5. In the present embodiment, the absolute values of the lower and upper limits NRL, NRH of the 
reference value adjusting dead 2one are identical to each other (INRLl = INRHI). 

25 [0432] If the adaptive control law input uadp is snnaller than the lower limit NRL of the reference value adjusting dead 
zone (uadp < NRL), then the reference value setting unit 11 subtracts a predetermined (constant) change Aflaf (> 0. 
hereinafter referred to as a "reference value unit change Aflaf") from a present value flaf/adp(k-1 ) (a value determined 
in the preceding control cycle) of the reference value variable component flaf/adp for thereby determining a new ref- 
erence value variable component flaf/adp(k) in STEP12-4. Thai is. the reference value variable component flaf/adp is 

30 reduced by the reference value unit change Aflaf. 

[0433] If the adaptive control law input uadp is greater than the upper limit NRH of the reference value adjusting 
dead zone (uadp > NRH). then the reference value setting unit 11 adds the reference value unit change Aflaf to the 
present value flaf/adp(k-1 ) of the reference value variable component flaf/adp for thereby determining a new reference 
value variable component flaf/adp(k) in STEPI 2-6. That is, the reference value variable component flaf/adp is increased 

35 by the reference value unit change Aflaf. 

[0434] If the adaptive control law input uadp falls in the reference value adjusting dead zone (NRL < uadp < NRH), 
then the value of the reference value variable component flaf/adp is not changed, but kept at the present value flaf/ 
adp(k-1) rn STEPI 2-7. 

[0435] Then, the reference value setting unit 11 adds the value of the reference value variable component flaf/adp 
40 (k) determined in either one of STEPI 2-4, STEPI 2-6. STEPI 2-7 to the reference value fixed component flaf/base for 
thereby determining the air-fuel ratio reference value FLAF/BASE to be used to determine the target air-fuel ratio KCMD 
in STEP1 1 in the next control cycle in STEPI 2-8. Thereafter, control returns to the main routine shown in FIG. 8. 
[0436] If the output V02/0UT of the Og sensor 6 is not converged to its target value V02/TARGET (V02 < ADL or 
V02 a ADH) in STEP12-1, or if the SLD control status Is unstable (Pstb > 5) in STEP12-2. then the reference value 
''^ variable component flaf/adp is not changed, but STEPi 2-7 is executed to hold the value of the reference value variable 
component flaf/adp at the present value flaf/adp(k-l ). Then, STEPI 2-8 is executed to determine the air-fuel ratio ref- 
erence value FLAF/BASE, after which control reiums to the main routine shown in FIG. 8. 

[0437] The reference value variable component flaf/adp which is varied depending on the adaptive control law input 
uadp is stored in a nonvolatile memoiy (not shown), e.g., an EEPROM, so that It will not be lost when the internal 
^0 combustion engine 1 is stopped in operation and the exhaust-side control unit 7a is turned off. The stored value of the 

reference value variable component flaf/adp will be used as an initial value of the reference value variable component 
flaf/adp -when the internal combustion engine 1 is operated next time. The initial value of the internal combustion engine 
1 when the internal combustion engine 1 is operated for the first time is "0". 

[0438] The manner in which the adaptive control law input uadp varies in STEPI 2 and the manner in which the 
55 reference value variable component flaf/adp and the air-fuel ratio reference value FLAF/BASE vary depending on the 
adaptive control law input uadp are shown respectively in upper and lower stages in FIG. 27. 

[0439] As shown in FIG. 27. when the adaptive control law input uadp falls in the reference value adjusting dead 
zone (periods T1 , T3, T5). the reference value variable component flaf/adp and the air-fuel ratio reference value FLAF/ 
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BASE are not varied, but kept constant. When the adaptive control taw input uadp is greater than the upper limit NRH 
of the reference value adjusting dead zone (a period T2 in FIG. 27), the reference value variable component flat/adp 
and the air-fuel ratio reference value FLAF/BASE are increased by the reference value unit change Aflat in each control 
cycle. When the adaptive control law input uadp is smaller than the bwer limit NRL of the reference value adjusting 
s dead zone (a period T4 in FIG. 27). the reference value variable component flaf/adp and the air-luel ratio reference 
value FLAF/BASE are reduced by the reference value unit change Aflat in each control cycle. In this manner, the 
adaptive control law input uadp is finally converted to such a value that the adaptive control law input uadp falls within 
the reference value adjusting dead zone. 

[0440] Details of the operation of the plant control system according to the present embodiment have been described 
^0 above. 

[0441] The operation of the plant control system is summarized as follows: Basically, the manipulated variable gen- 
erator 29 (the sliding nrK3de controller 27, the estimator 26. and the identifier 25) of the target air-fuel ratio generator 
28 sequentially generates the demand differential air-fuel ratio usi as an input to be given to the object exhaust system 
E for converging the output signal V02/0UT from the O2 sensor 6 disposed downstream of the catalytic converter 3 

'5 to the target value V02/TARGET. i.e.. the difference between the air-fuel ratio of the internal combustion engine 1 and 
the air-fuel ratio reference value FLAF/BASE, required to converge the output signal V02/0UT to the target value 
V02/TARGET The air-luel ratio reference value FLAF/BASE is added to the command diflerential air-luel ratio kcmd 
(basicaKy kcmd = usI) produced by limiting the demand differential air-fuel ratio usI for thereby sequentially determining 
the target air-fuel ratio KCMD. The engine-side control unit 7b adjusts the fuel injection quantity of the interna! com- 

20 buslion engine 1 in order to converge the output of the LAF sensor 5 (delected air-fuel ralic) to the target air-fuel ralio 
KCMD for thereby feedback-conlrolling the air-fuel ratio of the internal combustion engine 1 al the target air-fuel ratio 
KCMD. In this manner, the output signal V02/0UT from the O2 sensor 6 is converged to the target value V02/TARGET 
making the catalytic converter 3 capable of performing an optimum exhaust gas purifying capability regardless of aging 
thereof. 

25 [0442] I n the present embodiment, the sliding mode controller 27 performs the adaptive sliding mode control process 
which is highly stable against the effect of disturbances to calculate the demand differential air-fuel ratio usl In calcu- 
lating the demand differential air-fuel ratio usI, the estimator 26 sequentially determines the estimated differential output 
V02 bar which is the estimated value of the differential output \/02 of the Og sensor 6 after the total dead time d which 
is the sum of the dead time dl of the object exhaust system E including the catalytic converter 3 and the dead time 12 

30 of the air-fuel ratio manipulating system (comprising the internal combustion engine 1 and the engine-side control unit 
7b). The adaptive sliding mode control process constructed using the estimated differential output V02 bar, more 
specifically, the adaptive sliding mode control process constructed for converging the estimated differential output V02 
bar to "0'. is performed by the sliding mode controller 27 to determine the demand differential air-fuel ratio usI. 
[0443] In this fashion, it is possible to generate the demand differential air-fuel ratio usI suitable for converging the 

35 output signal V02/0UT of the O2 sensor 6 to the target value V02/TARGET while compensating for the effect of the 
dead times dl, d2 of the object exhaust system E and the air-fuel ratio manipulating system. 

[0444] The gain coefficients al , a2, b1 as parameters of the exhaust system model (the model for expressing the 
behavior of the object exhaust system E) required for performing the adaptive sliding mode control process with the 
sliding mode controller 27 and the process of calculating the estimated differential output V02 bar with the estimator 

^0 26 are sequentially identified in a real-time basis by the identifier 25. The sliding mode controller 27 and estimator 26 
determine the demand differential air-fuel ratio usi and the estimated differential output V02 bar using the identified 
gain coefficients a1 hat. a2 hat, b1 hat which are the identified values of the gain coefficients al. a2. bl. 
[0445] Therefore, the identified gain coefficients al hat, a2 hat, b1 hat have their values highly reliable as depending 
on the behavior of the object exhaust system E. thus increasing the reliability of the demand differential air-fuel ratio 

45 usI and the estimated differential output V02 bar. 

[0446] In the engine-side control unit 7b for manipulating the air-fuel ratio of the internal combustion engine 1, pri- 
marily the adaptive controller 18 as a recursive-type controller capable of appropriately compensating lor behavioral 
changes of the internal combustion engine 1 controls the air-fuel ratio of the internal combustion engine 1 at the target 
air-fuel ratio KCMD. Therefore, the air-fuel ratio of the internal combustion engine 1 can accurately be controlled at 

50 the target air-fuel ratio KCMD, and hence the output signal V02/0UT of the sensor 6 can stably and accurately be 
converged to the target value V02/TARGET 

[0447] In the present embodiment, the demand differential air-fuel ratio usI generated by the manipulated variable 
generator 29 for converging the output signal V02/0UT of the Og sensor 6 to the target value V02/TARGET is limited 
to produce the command differential air-fuel ratio kcmd limited in the allowable range, by which the target air-fuel ratio 
55 KCMD is finally determined. Therefore, even when the demand differential air-fuel ratio usi suffers a large variation 
such as a spike, the target air-fuel ratio KCMD and hence the actual air-fuel ratio of the internal combustion engine 1 
are prevented from varying excessively, so that the internal combustion engine 1 can operate stably 
[0448] In the present embodiment, the adaptive allowable range is normally set up as the allowable range for limiting 
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Ihe demand differentia! air-fuel ratio usl. The adaptive upper and lower limits ah, al of the adaptive allowable range are 
sequentially variably updated depending on how the demand differential air-fuel ratio usl deviates from the allowable 
range, specifically, depending on the magnitude of the demand differential air-fuel ratio usl with respect to the upper 
and lower limits (see FIG. 21). 

5 [0449] Consequently, the adaptive allowable range can be made to match exactly the range of values of the demand 
differential air-fueJ ratio usl as an input to be given to the object exhaust system E for converging the output signal 
V02/OUT from the sensor 6 to the target value V02/rARGET. 

[0450] For example, in a situation in which the range of values of the demand differential air-fuel ratio usl that are 
generated steadily is relatively narrow. I.e.. in a situation in which the demand differential air-fuel ratio usl falls steadily 
JO in the adaptive allowable range, the adaptive allowable range can be narrowed to match the narrow range. Conversely, 
in a situation in which the range of values of the demand differential air-fuel ratio usl that are generated steadily is 
relatively wide, i.e., in a situation in which the demand differential air-fuel ratio usl frequently falls out of the adaptive 
allowable range, the adaptive allowable range can be widened to match the wide range. In a situation in which the 
range of values of the demand dWerenVial air-fuel ralio usl is shifted toward the upper limit (positive) of the adaptive 
allowable range, i.e.. in a situation in which the demand differential air-tuel ratio usl frequently deviates from the adaptive 
allowable range beyond its upper limit, the adaptive allowable range can be shifted toward the positive limit to match 
the shifted range. 

[0451] Thus, the demand d'it1erenl)a> air-fuel ratio usl suitable for converging the output signal V02/0UT of the Og 
sensor 6 to the target value V02rrARGET tends to fall in the allowable range (adaptive allowable range), resulting In 

20 increased opportunities to deiermine the large! air-fuel ratio KCMD using the demand differential air-fuel ratio usl as 
the command differential air-fuel latio kcmd (KCMD = usl + FLAP/BASE). Since the demand differentia! air-fuel ratio 
usl is generated according to the adaptive sliding mode control process, the control process for converging the output 
signal V02/0UT of the Og sensor 6 to the target value V02/TARGET can stably be performed. 
[0452] In a situation tn which the demand differential air-fuel ratio usl temporarily varies greatly into a spike due to 

2S the effect of a disturbance and deviates from the allowable range (adaptive allowable range), the command differential 
air-fuet raVio kcmd is Um'tted to a value in the aHowabJe range for thereby avoiding targe variations of the target air-fuel 
ratio KCMD to allow the internal combustion engine 1 to operate stably. In this case, because the adaptive allowable 
range is updated after limiting the demand differential air-fuel ratio usl, the determination of the target air-fuel ratio 
KCMD using the above inappropriate target air-fuel ratio KCMD directly and the resulting manipulation of the air-fuel 

30 ratio of the internal combustion engine 1 can reliably be eliminated. 

[0453] For updating the adaptive allowable range, the Increasing unit change AINC which defines a change in one 
control cycle of the adaptive upper limit ah or the adaptive lower limit at in a direction to increase the upper limit or the 
lower limit is greater than the decreasing unit change aDEC which defines a change in one control cycle of the adaptive 
upper limit ah or the adaptive lower limit al in a direction to decrease the upper limit or the lower limit. Therefore, in a 

35 situation in which the demand differential air-luel ratio usl suitable for converging the output signal V02/0UT of the 
sensor 6 to the target value V02/TARGET deviates from the adaptive allowable range, the adaptive allowable range 
can quickly be changed to an allowable range in which the demand differential air-fuel ratio usl falls. 
[0454] The adaptive upper limit ah of the adaptive allowable range is limited to a range between the upper-limit first 
predetermined value STABH and the upper-limit fourth predetermined value HH, and the adaptive lower limit al of the 

40 adaptive allowable range is limited to a range between the lower-limit first predetermined value STABL and the lower- 
limit fifth predetermined value LL (see STEPlO-1-11 through STEPlO-t-l6 shown in FIG. 20). Therefore, the target 
air-fuel ratio KCMD is prevented from becoming an excessively lean or rich value which is not suitable for smoothly 
operating the internal combustion engine 1 . 

[0455] In the present embodiment, the allowable range tor limiting the demand differential air-fuel ratio usl can be 
45 set to the variable adaptive allowable range, and also can be set to any of corresponding allowable ranges if the SLD 
control status is unstable or the internal combustion engine 1 is in a cenain operating state, e.g.. in a state immediately 
after the supply of fuel is cut off or in an idling state, as described. As a result, the following advantages are offered. 
[0456] If the SLD control status is unstable, the output signal V02/0UT of the O2 sensor 6 tends to be unstable and 
suffer variations. However, according to the present embodiment, the relatively narrow allowable range for unstable 
so low level or the allowable range for unstable high level is established as the allowable range for limiting the demand 
differential air-fuel ratio usl. Therefore, variations of the command differential air-fuel ratio kcmd and hence the target 
air-fuel ratio KCMD are suppressed, resulting in stability of the output signal V02/0UT of the p2 sensor 6. 
[0457] The allowable range established if the SLD control status is unstable is narrower when it is unstable at high 
level than when it is unstable at low level (see FIG. 1 8). That is, the more unstable the SLD control status, the narrower 
S5 the allowable range. If the SLD control status is unstable at high level, therefore, variations of the command differential 
air-fuel ratio kcmd and hence the target air-fuel ratio KCMD can be suppressed as positively as possible, so that the 
stability of the output signal V02/0UT of the O2 sensor 6 can reliably be achieved. If the SLD control status is unstable 
at low level, while the output signal V02/OUT of the sensor 6 is rendered stable, the ability of the output signal 



49 



EP 1 010 882 A2 



V02/0UT to the target value V02/TARGET is achieved to some extent. 

[0458] In this embodiment, for the predetermined time (: TMSTB) after the air-fuel ratio of the internal combustion 
engine t starts being manipulated according to the target air-fuei ratio KCMD generated by the target air-fueJ ratio 
generator 28. i.e.. after the control process of converging the output signal \/02/0UT of the sensor 6 to the target 

5 value V02iTARGET starts, the stability of the SLD control status is not determined, i.e., the SLD control status is 
regarded as being stable (see STEPd-11 shown in FIG. 7 and STEP9-2, STEP9-3 shoNwn in FIG. 16). so that the 
allowable range for unstable low level and the allowable range lor unstable high level are prevented irom being set up 
as the allowable range for limiting the demand differentia! air-fuel ratio usi. Specifically, immediately after the control 
process of converging the output signal V02/0UT of the O2 sensor 6 starts, the output signal V02/0UT is not converged 

10 to the target value V02/TARGET. In order to accelerate the convergence of the output signal \/02/0UT to the target 
value V02/TARGET. limiting the command differential air-fuel ratio kcmd to the upper or lower limit of the allowable 
range is avoided as much as possible, and the frequency at which the demand differential air-fuel ratio usI becomes 
the command differential air-fuel ratio kcmd is increased. Thus, the output signal V02/0UT of the sensor 6 can 
quickly be brought closely to the 'target value V02/TARGET. 

[0459] Immediately after the supply of fuel to the internal combustion engine 1 is cut off. as shown in FIG. 22, the 
allowable range for limiting the demand differential air-fuel ratio us! is set to the allowable range after FC with its upper 
limit being wide. Specifically, since a large amount of oxygen is stored in the catalytic convener 3 while the supply of 
fuel to the internal combustion engine l is being cut off. the output signal V02/0UT of the sensor 6 is spaced away 
from the target value VOa-TARGET toward a leaner value of the air-fuel ratio (the output signal V02/0UT of the 

20 sensor 6 becomes smaller, see FIG. 2). Therefore, immediately after the supply of fuel to the internal combustion 
engine 1 is cut off. the demand differential air-fuel ratio usi for converging the output signal V020JT of the O2 sensor 
6 to the target value V02/TARGET becomes large in a direction to make the air-fuel ratio richer (in the present em- 
bodiment, toward the upper limit of the allowable range in a positive direction of the demand differential air-fuel ratio 
usI). as shown in FIG. 22. Therefore, the upper limit of the allowable range after FC is set to the upper-limil fifth pre- 

25 determined value AFCH, making the allowable range wider at the upper limit. It is thus possible for the command 
differential air-fuel ratio kcmd immediately after the supply of fuel to the internal combustion engine 1 is cut off to have 
a large value at the upper limit of the allowable range according to the demand differential air-fuel ratio usL allowing 
the output signal V02/0UT of the O2 sensor 6 to converge quickly to the target value V02/TARGET. 
[0460] In the state immediately after the start of the internal combustion engine 1 , as shown in FIG. 23. the allowable 

30 range for limiting the demand differential air-fuel ratio usi is set to the allowable range after start, with its upper limit 
made wide in the same manner as immediately after the supply of fuel is cut off. Specifically, since oxygen delivered 
to the catalytic converter 3 upon cranking of the internal combustion engine 1 to start same is stored in the catalytic 
converter 3, immediately after the internal combustion engine 1 starts, the output signal V02/0UT of the O2 sensor 6 
tends to be spaced away from the target value V02/TARGET toward a leaner value of the air-fuel ratio. In the present 

35 embodiment: therefore, the upper limit (corresponding to the leaner value of the air-fuel ratio) of the allowable range 
after start is made wide in the same manner as immediately after the supply of fuel is cut off. Therefore, the output 
signal V02/0UT of the O2 sensor 6 can be converged quickly to the target value V02/TARGET 
[0461] In the state immediately after the end of the lean operation mode of the internal combustion engine 1 (imme- 
diately after the lean operation mode changes to the normal operation mode), as shown in FIG. 24, the allowable range 

40 for limiting the demand differential air-fuei ratio usi is set to the allowable range after operation with lean mixture, with 
its upper limit made wide in the same manner as immediately after the supply of fuel is cut ofl. Specrfically. since the 
air-fuel ratk) 0I the internal combustion engine 1 is manipulated toward a leaner value during the lean operation mode 
of the internal combustion engine 1. the output signal V02/0UT of the O2 sensor 6 is spaced away from the target 
value V02/TARGET toward a leaner value of the air-fuel ratio. In the present embodiment, therefore, the upper limit 

45 of the allowable range after operation with lean mixture is made wide in the same manner as immediately after the 
supply of fuel is cut off. Therefore, it is possible for the command differential air-fuel ratio kcmd immediately after the 
end of the lean operation mode to have a large value at the upper limit of the allowable range according to the demand 
differential air-fuel ratio usi. Consequently, the output signal V02/0UT of the O2 sensor 6 can be converged quickly to 
the target value V02/TARGET and the catalytic converter 3 can quickly achieve an appropriate exhaust gas purifying 

50 capability. 

[0462] At this time, inasmuch as the command differential air-fuel ratio kcmd has a large value at the upper limit of 
the allowable range (corresponding to a richer value of the air-fuel ratio), the actual air-fuel ratio of the internal com- 
bustion engine 1 quickly becomes a rich air-fuel ratio after the end of the lean operation mode. Thus, NOx absorbed 
by the NOx absorber (not shown) contained in the catalytic converters 3, 4 during the lean operation mode of the 
internal combustion engine 1 can quickly be reduced. In a next cycle of the lean operation mode, therefore. NOx in 
the exhaust gases can sufficiently be absorbed by the NOx absorber contained in the catalytic converters 3. 4 for 
exhaust gas purification. 

[0463] In the state immediately after the start of the vehicle, i.e. , in the state immediately after the internal combustion 
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engine 1 starts driving its load, as shown in FIG. 25. the allowable range for limiting the demand differential air-fuel 
ratio usi is set to the allowable range after being driven under load, with its upper limit made narrow Specifically, 
immediately after the internal combustion engine 1 starts driving its load, the air-fuel ratio of the internal combustion 
engine 1 tends to change to a leaner value. If such a situation occurs when the air-fuel ratio is changed in a direction 

5 toward a leaner value by the demand differential air-fuel ratb ust (in the present embodiment, in a negative direction 
of the demand differential air-fuel ratio usI toward the lower limit of the allowable range), then the output signal V02/0UT 
of the O2 sensor 6 is likely to change excessively to a leaner air-fuel ratio with respect to the target value V02/TARGET. 
According to the present embodiment, the lower limit of the allowable range after being driven under load is set to the 
lower-limit second predetermined value VSTL, thus making the allowable range narrower at the tower limit The mag- 

^o nitude (absolute value) of the value ot the command differential air-fuel ratio kcmd which can be taken at the lower 
limit of the allowable range immediately after the start of the vehicle, i.e.. immediately after the internal combustion 
engine 1 starts driving its load, is limited to a relatively small value, thus nnaking the output signal V02/01JT of the 
sensor 6 stable. 

[0464] In the present embodiment, the demand differential air-fuel ratio usI is defined as a value produced by sub- 
tracting the aii-luel ratio reterence value FLAF/BASE from the air-tuet ratio to be given to the object exhaust system 
E for converging the output signal V02/0UT of the O2 sensor 6 to the target value V02/TARGET. Therefore, the upper 
limit (positive) ot the allowable range corresponds to a richer air-fuel ratio and the lower limit (negative) of the allowable 
range corresponds to a leaner air-fuel ratio. However, the demand differential air-fuel ratio usI may be defined as a 
value produced by subtracting the air-fuel raiio lo be given to the object exhaust system E for converging the output 
20 signal V02/0UT of Ihe O2 sensor 6 lo Ihe target value V02/TARGET, Irom the air-fuel ratio reference value FLAP/ 
BASE. In this case, since the sign ot the demand differential air-fuel ratio usI is opposite to the sign in the embodiment, 
the upper limit (posit rve) of the allowable range corresponds to a leaner air-fuel ratio and the lower limit (negative) of 
the allowable range corresponds to a richer air-fuel ratio. 

[0465] While the intemal combustion engine 1 is Idling, the allowable range for limiting the demand differential air- 

2S fuel ratio usI is set to the allowable range for idling with both upper and lower limits thereof being made relatively narrow. 
Specifically, in the idling state of the internal combustion engine 1 , if the air-fuel ratio of the internal combustion engine 
1 is changed targely. then the stability of the idling state tends to be impaired. According to the present embodiment, 
therefore, the narrow altowable range for idling is established as the allowable range for limiting the demand differential 
air-fuel ratio usI. In this manner, the output signal V02/0UT of the sensor 6 can be converged to the target value 

30 V02/TARGET while keeping the idling state of the internal combustion engine 1 stable. 

[0466] According to the present emtxxJiment, furthermore, the air-fuel ratio reference value FLAF/BASE is variably 
established, as described above, depending on the adaptive control law input uadp which is a component based on 
the adaptive control law (adaptive algorithm) of the demand differential air-fuel ratio usl generated by the sliding mode 
controller 27. In this manner, the air-fuel ratio reference value FLAF/BASE can be of a central value in a range of values 

3S of the air-fuel ratio (= usl + FLAF/BASE) that is the sum of the air-fuel ratio reference value FLAF/BASE and the demand 
differential air-fuel ratio usl, i.e., the air-fuel ratio required for converging the output signal V02/0UT of the sensor 
6 to the target value V02/TARGET, which air-fuel ratio is basically equal to the target air-fuel ratio KCMD. As a result, 
values of the demand differential air-fuel ratio usl v^ich are sequentially generated by the sliding mode controller 27 
can be balanced between positive and negative values, and the adaptive allowable range that is made variable de- 

40 pending on the demand differential air-fuel ratio usl can be balanced between its upper limit (positive) and its lower 
limit (negative). 

[0467] Specifically, with the output signal VOZ'OUT of the Og sensor 6 steadily converged to the target value 
V02/TARGET as is apparent from the equations (24) - (26). the equivalent control law input ueq and the reaching 
control law input urch, which are components other than the adaptive control law input uadp of the demand differential 

45 air-fuel ratio usl. become "0", and usl = uadp. The adaptive control law input uadp is thus significant as a central value 
in the range ot values of the demand differential air-fuel ratio usl with the output signal V02/0UT of the O2 sensor 6 
steadily converged to the target value V02nARGET. The sum of the adaptive control law input uadp and the air-fuel 
ratio reference value FLAF/BASE is significant as a central value of the air-fuel ratio required for converging the output 
signal V02/OUT of the O2 sensor 6 to the target value V02/TARGET: i.e., the target air-fuel ratio KCMD. 

so [0468] By adjusting the target value V02/TARGET such that the adaptive control law input uadp will be of a value 
close to "0*. the air-tuel ratio reference value FLAF/BASE can be of a central value of the air-fuel ratio required for 
converging the output signal V02/0UT of the Og sensor 6 lo the target value V02/TARGET i.e., the target air-fuel 
ratio KCMD. In this embodiment, therefore, by appropriately changing the air-fuel ratio reference value FLAF/BASE 
depending on the value of the adaptive control law input uadp, the air-fuel ratio reference value FLAF/BASE is adjusted 

55 to keep the value of the adaptive control law input uadp in the reference value adjusting dead zone. In this fashion, 
the air-fuel ratio reference value FLAF/BASE can be adjusted lo a central value of the air-luel ratio required for con- 
verging the output signal V02/0UT of the Og sensor 6 to the target value V02/TARGET, i.e., the target air-fuel ratio 
KCMD. As a result, values of the demand differential air-fuel ratio usl can be balanced between positive and negative 
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values, and the adaptive allowable range that is made variable depending on the demand differential air-fuel ratio usi 
can be balanced between its upper limit (positive) and its lower limit (negative). With the adaptive allowable range 
balanced between its upper limit (positive) and its lower limit (negative), the demand differential air-fuel ratio usI can 
be limited appropriately in a balance at both the upper and lower limits. 

[0469] In this embodiment, the air-fuel ratio reference value FLAF/BASE is adjusted (updated) only when the output 
signal V02/0UT of the sensor 6 is substantially converged to the target value V02/TARGET and it is determined 
that the SLD control status is stable from the stability determining basic parameter Pstb. Thus, the air-fuel ratio reference 
value FLAF/BASE is adjusted when the value of the adaptive control law input uadp is stabilized, and the reliability of 
the air-tuel ratio reference value FLAF/BASE as a centra) value of the air-fuel ratio required for converging the output 
signal V02/0UT of the O2 sensor 6 to the target value V02n'ARGET, i.e., the target air-tuel ratio KCMD, is increased. 
[0470] In this embodiment, in adjusting the air-fuel ratio reference value FLAF/BASE, the value of the air-fuel ratio 
reference value FLAF/BASE is not changed while the adaptive control law input uadp is present in the reference value 
adjusting dead zone. Thus, it is possible to avoid frequent variations of the air-fuel ratio reference value FLAF/BASE 
for thereby avoiding situations in which the SLD control status is unstable. 

[0471] The above adjustment of the air-fuel ratio reference value FLAF/BASE offers the following advantages: 
[0472] By changing the air-fuel ratio reference value FLAF/BASE depending on the adaptive control law input uadp, 
the quick response of the control process tor converging the output signal V02/0UT of the O2 sensor 6 to the target 
value V02/TARGET can be increased. Specifically, in the case where the air-tuel ratio reference value FLAF/BASE is 
constant, e.g., FLAF/BASE = flaf/base, then if there is a steady error between the actual air-luel ratio of the internal 
combuslion engine 1 and ihe large! air-fuel ratio KCMD, then the adaptive control law input uadp determined by the 
sliding mode controller 27 finally corresponds to a learned value of the error. If the error is relatively large, then it takes 
a period of time for the adaptrve control law input uadp to finally correspond to a learned value of the error According 
to the present invention, since the air-fuel ratio reference value FLAF/BASE is changed depending on the adaptive 
control law input uadp. the adaptive control law input uadp can be of a sufficiently small value close to "0". Stated 
otherwise, the above error can be absorbed by the air-fuel ratio reference value FLAF/BASE, with the result that the 
quick response of the control process for converging the output signal V02/0UT of the sensor 6 to the target value 
V02/TARGETcan be increased. 

[0473] Furthermore, by changing the air-fuel ratio reference value FLAF/BASE depending on the adaptive control 
law input uadp. the accuracy of the estimated differential output V02 bar determined by the estimator 26 and the 
identified gain coefficients a1 hat. a2 hat, b1 hat determined by the identifier 25 can be increased. The reasons for this 
are as follows: The exhaust system model expressed by the equation (1) with the air-fuel ratio reference value FLAF/ 
BASE used as a reference for the input to the object exhaust system E is a model in which the output KACT (detected 
air-fuel ratio) of the LAF sensor 5 becomes the air-fuel ratio reference value FLAF/BASE with the output signal V02/0UT 
of the O2 sensor 6 steadily converged to the target value V02/TARGET. Therefore, the air-fuel ratio reference value 
FLAF/BASE should be a central value of the air-fuel ratio of the internal combustion engine 1 with the output signal 
V02/0UT of the sensor 6 steadily converged to the target value V02/TARGET. In this embodiment, by changing 
the air-tuel ratio reference value FLAF/BASE depending on the adaptive control law input uadp, the air-fuel ratio ref- 
erence value FLAF/BASE can be adjusted to a central value of the air-fuel ratio required for converging the output 
signal V02/OUT of the sensor 6 to the target value V02/TARGET. As a consequence, the behavior of the exhaust 
system model can be made to better match the actual behavior of the object exhaust system. Therefore, the accuracy 
of the estimated differential output V02 bar determined by the estimator 26 based on the exhaust system model can 
be increased, and the accuracy of the identified gain coefficients a1 hat, a2 hat, b1 hat determined by the identifier 25 
as identified values of parameters of the exhaust system model can be increased. With the accuracy of the estimated 
differential output V02 bar and the identified gain coefficients a1 hat, a2 hat, b1 being increased, the demand differential 
air-fuel ratio usi determined by the sliding mode controller 27 using these data can be made optimum for converging 
the output signal V02/0UT of the O2 sensor 6 to the target value V02/TARGET. As a result, the accuracy of the control 
process for converging the output signal V02/0UT of the sensor 6 to the target value V02/TARGET can be in- 
creased. 

[0474] A plant control system according to another embodiment of the present invention will be described below. 
The embodiment basically differs from the above embodiment only as to the processing carried out by the estimator 
26. Therefore, the same reference characters as those of the above embodiment will be used in the description of the 
other embodiment. 

[0475] In the above embodiment, in order to compensate for the effect of the total dead time d which is the sum of 
the dead time d1 of the object exhaust system E and the dead time d2 of the air-fuel ratio manipulating system (com- 
prising the internal combustion engine 1 and the engine-side control unit 7b), an estimated value of the differential 
output V02 of the O2 sensor 6 (estimated differential output V02 bar) after the total dead time d is determined. If the 
dead time d2 of the air-fuel ratio manipulating system is sufficiently small as compared with the dead time d1 of the 
object exhaust system E, then an estimated value V02(k+d1 ) of the differential output V02 of the Og sensor 6 after 
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the dead time dl of the object exhaust system E (hereinafter referred to as a "second estimated differential output V02 
bar") may be determined, and the demar\d differential air-fuel ratio usi may be determined using the second estimated 
differential output V02 bar. In this embodiment, the second estimated differential output V02 bar is determined to 
converge the output signal V02/0UT of the sensor 6 to the target value V02/TARGET 

[0476] In this case, the estimator 26 determines the second estimated differential output VO2 bar as follows: Using 
the equation (1) representing the exhaust system mode! of the object exhaust system E, the second estimated differ- 
ential output V02 bar which represents an estimated value of the differential output V02 of the O2 sensor 6 after the 
dead time dl of the object exhaust system E in each control cycle is expressed, using time-series data V02(k), V02 
(k-1 ) of the differentel output V02 of the O2 sensor 6 and time-series data kact(k-j) (j= 1 , 2, — » dl ) of past values of 
the differentia! output Kact (kact = KACT - FLAF/BASE) of the LAF sensor 5, according to the following equation (42): 

dl 

V02(k + d 1 ) = a3 • V02(k) + a4 • V02(k - 1) + X^rj • kaci(k - j) (42) 

M 

where 

a3 = the tirst-row I rst cotumn clement ot A^^ 
0.4 = the first-row sccond cotur-in cicmcnt of A**^, 
yj = the first-row eicrT^cn:., o? A- • B 

-[0] 

[0477] In the equation |42» ci3 1*4 icp'csent the first-row. first-column element and the first-row. second-column 
element of the dith power A^' tdi tct^i dead time of the object exhaust system E) of the matrix A defined in the 
equation (12), and 71 (j = 1 2 di ) fcjpresents the first-row elements of the product Ai"^-B of the (j-l)th power Ai'** 0 
= 1,2, — , d1 ) of the matrix A ^r^d the voctor B defined in the equation (12). 

[0478] The above equation <42) is h tMs^c equation for the estimator 26 to calculate the second estimated differential 
output V02(k+d1) bar in this omoodtfncnt The equation (42) is similar to the equation (12) except that "kcmd* in the 
equation (12) is replaced with 'krtct' «fxJ *d* in the equation (12) is replaced with "dl In this embodiment, the equation 
(42) is calculated using time-scrics dnt-^ V02(k), V02(k-1) of the differential output V02 of the sensor 6 and time- 
series data kact(k-j) (j = 1 . 2 — dl ) o' past values ot the differential output kact (kact = KACT - FLAF/BASE) of the 
LAF sensor 5 in each control cycle tc determine the second estimated differential output V02(k+d1 ) bar of the Og 
sensor 6. 

[0479] The values of the coefficients a3. «4 and 7j (j = 1.2. — . d1) which are necessary to calculate the second 
estimated differential output V02(k4dt) bar according to the equation (42) are calculated using the identified gain 
coefficients a1 hat, a2 hat. bl hat wnich arc identified values of the gain coefficients a1 , a2, b1. The value of the dead 
time dl required in the calculation of the equation (42) is the same as in the previous embodiment. 
[0480] The other processing than the processing described above is basically the same as in the previous embod- 
iment. However, the sliding mode conUollef 27 determines the equivalent control input ueq, the reaching control law 
input urch, and the adaptive control law uadp. which are components of the demand differential air-fuel ratio usI ac- 
cording to the equations (24). (25), (27), respectively, where "d" is replaced with 'dl'. In the process of limiting com- 
binations of the identified gain coefficients al hat, a2 hat, carried out by the identifier 25, depending on the value of 
the dead time dl of the object exhaust system E. the range for limiting the combinations (which corresponds to the 
identifying coefficient stable range or the identifying coefficient limiting range shown in FIG. 12) may differ from the 
range in the previous embodiment, but may be established in the same manner as in the previous embodiment. 
[0481] The plant control system according to this embodiment operates on the same manner and offers the same 
advantages as the with previous embodiment with respect to the process of limiting the demand differential air-fuel 
ratio usl and the variable setting of the air-fuel ratio reference value FLAF/BASE. 

[0482] The air-fuel ratio control system for the interna) combustion engine is not limited to the above embodiments. 
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but may be modified as follows: 

[0483] In the above embodiments, the LAF sensor (wide-range air-fuel ratio sensor) 5 is employed tor detecting an 
air-fuel ratio of the internal combustion engine 1. However, an ordinary Og sensor or any of various other types of 
sensors may be employed insofar as it can detect the air-fuel ratio of the internal combustion engine 1 . 

s [0484] In the above embodiments, the Og sensor 6 is employed as the exhaust gas sensor disposed downstream 
of the catalytic converter. However, the exhaust gas sensor may comprise any of various other types of sensors insofar 
as it can detect the concentration of a certain component of an exhaust gas downstream of the catalytic converter to 
be controlled. For example, if carbon monoxide in an exhaust gas downstream of the catalytic converter is to be con- 
trolled, the exhaust gas sensor may comprise a CO sensor. If nitrogen oxide (NOx) in an exhaust gas downstream of 

^0 the catalytic converter is to be controlled, the exhaust gas sensor may comprise an NOx sensor If hydrocarbon (HC) 
in an exhaust gas downstream of the catalytic converter is to be controlled, the exhaust gas sensor may comprise an 
HC sensor. When a three-way catalytic converter is employed, then even if the concentration of any of the above gas 
components is detected, it may be controlled to maximize the purifying performance of the three-way catalytic converter. 
It a catalytic converter for oxidation or reduction is employed, then purifying performance of the catalytic converter can 

'5 be increased by directly detecting a gas component to be purified. 

[0485] In the above embodiments, after the demand differential air-fuel ratio usi is limited, the air-fuel ratio reference 
value FLAF/BASE is added to the command differential air-fuel ratio kcmd produced by the limiting process for thereby 
determining the target air-fuel ratio KCMD. However, the target air-fuel ratio KCMD may be determined by limiting the 
sum (demand air-fuel ratio) of the demand differential air-fuel ratio usI and the air-fuel ratio reference value FLAP/ 

20 BASE. In this case, Ihe air-fuel ralio reference value FLAF/BASE is added ic the upper and lower limits of the allowable 
range established as described above with respect to the demand differential air-fuel ratio usI for thereby determining 
the allowable range with respect to the demand air-fuel ratio. The demand air-fuel ratio is then limited by the allowable 
range to determine the target air-fuel ratio KCMD. The demand air-fuel ratio may be regarded as the manipulated 
variable for manipulating the air-fuel ratio of the internal combustion engine 1 in order to converge the output V02/0UT 

2S of the Og sensor to the target value V02/TARGET. 

[0486] In the above embodiments, the upper limit of the allowable range immediately after the supply of fuel to the 
internal combustion engine 1 is cut off or not. immediately after the start of the internal combustion engine 1 , or imme- 
diately after the end of the lean operation mode, i.e., the allowable range after FC/operation with lean mixture, is fixed 
to the upper-limit fifth predetermined value AFCH. However, the upper limit of the allowable range may be variably set 

30 as with the adaptive upper limit ah of the adaptive allowable range so as not to be smaller than the upper-limit fifth 
predetermined value AFCH. Furthermore, the upper limits of the allowable range after FC. the allowable range after 
start, and the allowable range after operation with lean mixture may be established separately from each other. 
[0487] In the above embodiments, the lower limit of the allowable range for the limiting process immediately after 
the start of the vehicle, i.e., the lower limit of the allowable range after being driven under load, is fixed to the lower- 

35 limit second predetermined value VSTL. However, the lower limit (< 0) may be variably set as with the adaptive lower 
limit al of the adaptive allowable range so as not to be greater than the tower-limit second predetermined value VSTL 
(< 0). 

[0488] In the above embodiments, the gain coefficients a1, a2, b1 as parameters of the exhaust system model are 
identified by the identifier 25. However, the gain coefficients a1 , a2, b1 may be fixed to predetermined values, or may 
-fo be established from a map or the iike depending on operating conditions of the internal combustion engine 1 and 
deteriorated states of the catalytic converter 3. 

[0489] in the above embodiments, the estimator 26 and the sliding rrxxle controller 27 use a common exhaust system 
model of the object exhaust system E. However, the estimator 26 and the sliding mode controller 27 may use respective 
models. In such a case, an input to the exhaust system model for use in the processing of the sliding mode controller 

^5 27 may not necessarily be expressed using the air-fuel ratio reference value FLAF/BASE. 

[0490] In the above embodiments, the exhaust system model is expressed by a discrete system (discrete-time sys- 
tem). However, it may be expressed a continuous system (continuous-time system), and an algorithm tor the processing 
of the estimator 26 and the sliding mode controller 27 may be constructed based on the model of such a continuous 
system (continuous-time system). 

so [0491] In the above embodiments, the adaptive sliding mode control process is used as a feedback control process 
for generating the manipulated variable (the demand differential air-fuel ratio usI) for manipulating the air-fuel ratio of 
the internal combustion engine 1 for converging the output signal V02/0UT of Ihe O2 sensor 6 to the target value 
V02/TARGET using the estimated differential output V02 bar. However, any of various other feedback control proc- 
esses (preferably for generating a manipulated variable component corresponding to the adaptive control law input 
uadp) may be used. 

[0492] In the above embodiments, the air-fuel ratio of the internal combustion engine 1 is feedback-controlled at the 
target air-fuel ratio KCMD using the output signal from the LAF sensor 5. However, it is possible to manipulate the air- 
fuel ratio of the internal combustion engine 1 into the target air-fuel ratio KCMD by adjusting the amount of fuel supplied 
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to the internal combustion engine 1 under f eed-tonward control using a map or the like based on the target air-fuel ratio 
KCMD. 

[0493] In the above embodiments, in adjusting the air-fuel ratio reference value FLAF/BASE. the value of the air- 
fuel ratio reference value FLAF/BASE is not changed while the adaptive control taw input uadp is present in the refer- 

s ence value adjusting dead zone. However, the air-fuel ratio reference value FLAF/BASE may be changed such that if 
the adaptive control law Input uadp is greater than "0", then the arr-fuel ratio reference value FLAF/BASE is incremented 
by the reference value unit change Aflaf in each control cycle, and if the adaptive control law input uadp is smaller than 
■Q*. then the air-fuel ratio reference value FLAF/BASE is decremented by the reference value unit change Aflaf in each 
control cycle. The air-fuel ratio reference value FLAF/BASE can then be adjusted such that the adaptive control law 

10 input uadp will be substantially "0". 

[0494] In the above embodiments, the air-fuel ratio reference value FLAF/BASE is changed depending on the adap- 
tive control law input uadp according to the adaptive sliding mode control process. However, even il the demand dif- 
ferential air-fuel ratio usl is generated according the normal sliding mode control process which does not include the 
adaptive control law input uadp, the air-fuel ratio reference value FLAF/BASE can variably be established. Specifically, 

IS if the demand differential air-fuel ratio usl is determined as the sum of the equivalent control input ueq and the reaching 
control law input urch (usl = ueq + urch) according to the normal sliding mode control process which does not employ 
the adaptive control law. then the reaching control law input urch in a state wherein the value of the stability determining 
basic parameter Pstb (= a bar • Ao bar) or the value of the rate of change of the switching function o bar is steadily 
substantially "0" corresponds to the adaptive control law input uadp in the above embodiments. Therefore, the same 

20 advantages as in the above embodiments can be achieved by changing the air-fuel ratio reference value FLAF/BASE 
depending on the reaching control law input urch in the above state in the same manner as in the above embodiments. 
[0495] In the above emtxxiiments, the air-fuel ratio control system for the internal combustion engine 1 mounted on 
the vehicle has been described by way of example. However, the present invention is also applicable to an engine for 
actuating an object other than the vehicle, e.g., an electric generator or the like. 

2S [0496] Although certain preferred embodiments of the present invention have been shown and described in detail, 
it should be understood that various changes and modifications may be made therein without departing from the scope 
of the invention, which is defined by the appended claims. 



30 Claims 

1. An air-fuel ratio control system for an internal combustion engine, comprising: 

an exhaust gas sensor disposed downstream o1 a catalytic converter in an exhaust passage of the internal 
35 combustion engine, for detecting the concentration of a particular component of an exhaust gas having passed 

through the catalytic converter; 

rr\anipulated variable generating means for sequentially generating a manipulated variable which manipulates 
the air-fuel ratio of an air-fuel mixture combusted by the internal combustion engine in order to converge an 
output from said exhaust gas sensor to a predetermined target value; and 
40 limiting means for limiting the manipulated variable generated by said manipulated variable generating means 

to a value in a predetermined allowable range, for thereby making the air-fuel ratio of the air-fuel mixture to 
be determined based on the manipulated variable; 

said limiting means comprising means for variably setting the allowable range depending on the manipulated 
variable generated by said manipulated variable generating means. 
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2. An air-tuel ratio control system according to claim 1 , wherein said limiting means comprises means for, if the value 
of the manipulated variable generated by said manipulated variable generating means deviates from said allowable 
range beyond an upper or lower limit thereof, changing the limit beyond which the manipulated variable deviates, 
in a direction to increase said allowable range for thereby updating the allowable range. 

3. An air-fuel ratio control system according to claim 2, wherein said limiting means comprises means for. if the value 
of the manipulated variable generated by said manipulated variable generating means deviates from said allowable 
range beyond an upper or lower limit thereof, changing the limit opposite to the limit beyond which the manipulated 
variable deviates, in a direction to decrease said allowable range for thereby updating the allowable range. 

4. An air-fuel ratio control system according to claim 2. wherein said limiting means comprises means for, it the value 
of the manipulated variable generated by said manipulated variable generating means is present in said allowable 
range, changing at least one of upper and k>wer limits of said allowable range in a direction to decrease said 
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allowable range for thereby updating the allowable range. 

5. An air-fuel ratio control system according to claim 3. wherein said limiting means comprises means for. if the value 
of the manipulated variable generated by said manipulated variable generating means is present in said allowable 
range, changing at least one of upper and lower limits of said allowable range in a direction to decrease said 
allowable range for thereby updating the allowable range. 

6. An air-fuel ratio control system according to claim 1 , wherein said limiting means comprises means for changing 
an upper limit of said allowable range in a direction to increase or reduce said allowable range depending on 
whether the value of the manipulated variable generated by said manipulated variable generating means is larger 
than said upper limit or not, and changing a lower limit of said allowable range in a direction to increase or decrease 
said allowable range depending on whether the value of the manipulated variable generated by said manipulated 
variable generating means is smaller than said lower limit or not. for thereby updating the allowable range. 

7. An air-fuel ratio control system according to any one of claims 3 through 6, wherein said upper or lower limit is 
changed by said limiting moans in the direction to increase the allowable range, by an amount greater than an 
amount by which sHid upDcr or lower limit is changed in the direction to decrease the allowable range. 

8. An air-fuel ratio coriroi system Hccorcmg to any one of claims 2 through 6. wherein said limiting means comprises 
means for limiting ine I^lr:fll^u;/-leO vrtiinole to the value in the allowable range before the allowable range is up- 
dated. 

9. An air-fuel ratio coriroi sysiom rtcco<c»ng to any one of claims 2 through 6. wherein said limiting means comprises 
means for limiting tnc upper or tov^cr 'tm i of the allowable range which is being changed depending on the value 
of the manipulated va^hiOic x^r«itcd by said manipulated variable generating means, to a value in a predeter- 
mined range corrospoodtng to rio upper or lower limit of the allowable range. 

10. An air-fuel ratio coniro* systom according to any one of claims 1 through 6, wherein said manipulated variable 
generating means compr mn^ns lor generating said manipulated variable according to a sliding mode control 
process. 

11. An air-fuel rat io control sy si cm nccordng to claim 10. wherein said limiting means comprises means for sequentially 
determining whether the output from said exhaust gas sensor is stable or not, and. if the output from said exhaust 
gas sensor is delerminoc to be unsinble. forcibly setting said allowable range to a predetermined range at least 
while the output from said cxhriust gas sensor is continuously being determined to be unstable. 

12. An air-fuel ratio control system according to claim 11, wherein said limiting means comprises means for, if the 
output from said exhaust gas sensor is determined to be unstable, determining the level of instability in a plurality 
of stages, and thereby maiking s^id predetermined range to which said allowable range is set by said limiting 
means to be determined snrujllcr as the level of instability determined by said limiting means is higher. 

1 3. An air-fuel ratio control system according to claim 11 . wherein said limiting means comprises means for determining 
whether the output from said exhaust gas sensor is stable or not based on the value of a switching function used 
in said sliding mode control process 

1 4. An air-fuel ratio control system according to claim 1 2. wherein said limiting means comprises means for sequentially 
temporarily determining whether the output from said exhaust gas sensor is stable or not based on the value of a 
switching function used in said sliding mode control procesS: and determining whether the output from said exhaust 
gas sensor is stable or not and the level of instability based on the frequency of the temporarily determined instability 
within a predetermined period of time. 

15. An air-fuel ratio control system according to any one of claims 1 through 6. wherein the manipulated variable 
generated by said manipulated variable generating means and the upper and lower limits of said allowable range 
represent differences with a predetermined reference value for the air-fuel ratio of the air-fuel mixture, further 
comprising reference value variable setting means for variably setting said reference value depending on the 
manipulated variable generated by said manipulated variable generating means. 

16. An air-fuel ratio control system according to claim 10. wherein the manipulated variable generated by said manip- 
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ulated variable generating means and the upper and lower limits of said allowable range represent differences 
with a predetermined reference value for the air-fuel ratio of the air-fuel mixture, further comprising reference value 
variable setting means for variably setting said reference value depending on the manipulated variable generated 
by said manipulated variable generating means. 

17. An air-fuel ratio control system according to claim 16, wherein said sliding mode control process comprises an 
adaptive sliding mode control process, and said manipulated variable generated by said manipulated variable 
generating means according to said adaptive sliding mode control process includes an adaptive control law com- 
ponent based on an adaptive control law of said adaptive sliding mode control process, said reference value 
variable setting means comprising means for variably setting said reference value based on the value of the adap- 
tive control law component of said manipulated variable. 

18. An air-fuel ratio control system according to claim 1 7. wherein said reference value variable setting means com- 
prises means for variably setting said reference value by increasing or decreasing said reference value depending 
on the magnitude of the value of the adaptive control law component of said manipulated variable with respect to 
a predetermined value or a range close to and containing said predetermined value. 

19. An a»r-iuel ratio control system according to claim 16: wherein said reference value variable setting means com- 
prises means for sequentially determining whether the output from said exhaust gas sensor is stable or not. and 
holding said reference value to a predetermined value irrespective ol said manipulated variable if the output from 
said exhaust gas sensor is unstable. 

20. An air-fuel ratio control system according to claim 1 9, wherein said reference value variable setting means com- 
prises means for determining whether the output from said exhaust gas sensor is stable or not based on the value 
of a switching function used in said sliding mode control process, 

21. An air-fuel ratio control system according to claim 15. wherein said reference value variable setting means com- 
prises means for determining whether the output from said exhaust gas sensor is substantially converged to said 
target value or not, and holding said reference value to a predetermined value irrespective of said manipulated 
variable if the output from said exhaust gas sensor is not converged to said target value. 

22. An air-fuel ratio control system according to claim 16. wherein said reference value variable setting means com- 
prises means for determining whether the output from said exhaust gas sensor is substantially converged to said 
target value or not, and holding said reference value to a predetermined value irrespective of said manipulated 
variable if the output from said exhaust gas sensor is not converged to said target value. 

23. An air-fuel ratio control system according to any one of claims 1 through 6, wherein said limiting means comprises 
means for recognizing an operating state of said Internal combustion engine, and setting said allowable range 
depending on the recognized operating state. 

24. An air-fuel ratio control system according to claim 23, wherein said exhaust gas sensor comprises an oxygen 
concentration sensor and said operating state of the internal combustion engine recognized by said limiting means 
includes an elapsed time after the internal combustion engine starts to operate, and wherein said limiting means 
comprises means for setting said allowable range to inhibit at least one. which corresponds to a richer side of the 
air-fuel ratio of the air-fuel mixture, of upper and tower limits of the allowable range from becoming a value in a 
direction to decrease said allowable range beyond a predetermined value until said elapsed time reaches a pre- 
determined time. 

25. An air-fuel ratio control system according to claim 23, wherein said exhaust gas sensor comprises an oxygen 
concentration sensor, and said operating state of the internal combustion engine recognized by said limiting means 
includes an elapsed time after the supply of fuel to the internal combustion engine is cut off. and wherein said 
limiting means comprises means for setting said allowable range to inhibit at least one, which corresponds to a 
richer side of the air-fuol ratio of the air-f uet mixture, of upper and lower limits ol the allowable range from becoming 
a value in a direction to decrease said allowable range beyond a predetermined value until said elapsed time 
reaches a predetermined time. 

26. An air-fuel ratio control system according to claim 23. wherein said exhaust gas sensor comprises an oxygen 
concentration sensor, and said operating state of the internal combustion engine recognized by said limiting nneans 
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includes an elapsed lime after the internal combustion engine starts driving a load, and wherein said limiting means 
comprises means for setting said allowable range to inhibit at least one. which corresponds to a leaner side of the 
air-fuel ratio of the air-fuel mixture, of upper and lower limits of the allowable range from becoming a value in a 
direction to increase said allowable range beyond a predetermined value until said elapsed time reaches a pre- 
determined time. 

An air-fuel ratio controLsystem according to claim 23, wherein said operating state of the internal combustion 
engine recognized by said limiting means includes an idling state or an operating state other than the idling state, 
and wherein said limiting means comprises means for setting a predetermined range as said allowable range 
irrespective of the manipulated variable generated by said manipulated variable generating means if said operating 
si^io IS the idling state, and variably setting said allowable range depending on the manipulated variable generated 
by said manipulated variable generating means if said operating state is the operating state other than the idling 
stale. 

An air-fuel ratio control system according to claim 23, wherein said exhaust gas sensor comprises an oxygen 
concentration sensor, said internal combustion engine has operation modes including a normal operation mode 
in which the air-fuel ratio of the air-fuel mixture is manipulated based on the manipulated variable limited by said 
Itmning means, and a lean operation mode in which the air-fuel ratio ol the air-fuel mixture is manipulated into a 
Icnn air-fuel ratio irrespective of the manipulated variable, and said operating state of the internal combustion 
unyine recognized by said limiting means includes an elapsed lime (rom a Uansilion Irom said lean operation mode 
\ j brtidnoimal operation mode, and wherein said limiting means comprises means for setting said allowable range 
lo inhibit at least one, which corresponds to a leaner side of the air-fuel ratio of the air-fuel mixture, of upper and 
lower limits of the allowable range from becoming a value in a direction lo increase said allowable range beyond 
a predetermined value until said elapsed time reaches a predetermined time. 

An air-fuol ratio control system according to claim 28, wherein said catalytic converter comprises a catalytic con- 
verter lor absorbing a nitrogen oxide in the exhaust gas when the concentration of oxygen in the exhaust gas 
passing through said catalytic converter is a concentration corresponding to a lean air-fuel ratio of the air-fuel 
mixture and reducing the nitrogen oxide in the exhaust gas when the concentration of oxygen in the exhaust gas 
passing through said catalytic converter is a concentration corresponding to a rich air-fuel ratio of the air-fuel 
mixture. 
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